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ABSTRACT 

This dissertation reports high-resolution experimental study and numerical 

analysis of the rubidium dimer 31Πg, 61Σg
+, 33Πg, and 43Σg

+ excited electronic states. The 

term energies of over 2 400 observed ro-vibrational levels spanning a large range of 

rotational and vibrational quantum numbers were measured with the perturbation 

facilitated optical-optical double resonance technique 24 000 cm-1 – 26 000 cm-1 above 

the ground state minimum of Rb2. The excited electronic states were probed by exciting 

Rb2 molecules from the thermally populated ro-vibrational levels of the X 1Σg
+ ground 

electronic state through intermediate levels of the mixed A1Σu
+ ~ b3Πu electronic states. 

Probe laser resonance was detected by measuring the laser induced fluorescence from the 

excited electronic states to the a3Σu
+ triplet ground state. The ro-vibrational term energies 

from each electronic state were fit to molecular constants using the Dunham expansion. 

These molecular constants were subsequently used to generate Rydberg-Klein-Rees 

model potential energy functions. The spin multiplicity of the electronic states as well as 

the vibrational numbering of the triplet electronic states were determined by resolving the 

bound-free emission from the excited ro-vibrational levels to the triplet ground state.  
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CHAPTER 1 

INTRODUCTION 

The focus of the research presented in this dissertation is high resolution 

spectroscopy of the excited electronic states of the rubidium dimer molecule. Such heavy 

alkali dimer molecules involve very dense ro-vibrational energy level structures, which in 

turn leads to multiple different transitions being excited by a given laser excitation 

wavelength. However, modern multiple resonance laser excitation techniques [1-12] have 

made it possible to choose a specific ro-vibronic excitation of the many simultaneously 

occurring ones. 

The excited electronic states in this study are noticeably higher in energy than the 

first couple dissociation limits. They are of interest also for the study of the general 

electronic structure of a molecule. In addition, fluorescence from such electronic states 

can be used to investigate electronic states belonging to the lower dissociation limits [13-

18]. The higher lying electronic states exhibit much stronger non-adiabatic effects than 

the electronic states of the lower atomic limit due to perturbations with other electronic 

states and the interaction with ion-pair Rb+ + Rb- Coulomb potential energy function, 

which results in potential energy functions which exhibit non-trivial bends, shelves, and 

double wells. These facts complicate their analysis via traditional approaches, such as 

those based on the approximations by Dunham [19] or by LeRoy and Bernstein [20]. 

However, these potential energy functions in the energy range near the equilibrium 

internuclear distance tend to still resemble a harmonic oscillator. The measured ro-



 

2 

vibrational level energy values are used to generate highly accurate potential energy 

functions in this region via the Rydberg-Klein-Rees (RKR) method [21-23]. These 

potential energy curves can produce term energies and transition frequencies that are 

accurate to within tenths of a wavenumber of the measured ro-vibrational energies even 

in perturbed electronic states, whereas potential energy curves produced by ab initio 

methods often disagree by tens of wavenumbers from observed ro-vibrational energy 

level values.  

The rubidium dimer has been used in many quantum optics experiments including 

optical trapping of cold molecules [24], ultracold molecules [25], control of chemical 

reaction rates [26], ultracold optical lattices [27], and Bose-Einstein condensates [28]. 

The motivation for the research described in this Thesis is to provide the critical fabric 

based on the high-resolution spectroscopic data for a variety of future experiments and to 

make it possible to accurately predict the transition frequencies and intensities by using 

the potential energy functions to calculate ro-vibrational wavefunctions by solving the 

radial Schrödinger equation numerically. The transition intensities are dependent on the 

wavefunction overlap factors between the ground state and excited states rovibronic 

energy levels. Accurate ro-vibrational term energies are also used by theorists to improve 

the methods used to generate ab initio potential energy curves. 

The experiment is also complicated by the high density of allowed dipole 

transitions in Rb2. The large mass of these atoms leads to smaller ro-vibrational energy 

level spacing which results in an increased number of ro-vibronic transitions between 

different electronic states. Population is driven to the excited state region from the 
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electronic ground state in a cascade, pump-probe, optical-optical double resonance 

(OODR) [29] excitation scheme. The ro-vibrational levels of the intermediate manifold of 

states have singlet-triplet mixed spin character due to the large spin-orbit coupling of the 

rubidium 5p atomic level. These perturbations facilitate transitions from singlet states to 

otherwise forbidden triplet states, because the triplet states borrow singlet character 

through the spin-orbit interaction between singlet or triplet multiplicity states. These 

transitions are forbidden in electronic states with small or no spin-orbit coupling. Each 

step of the OODR excitation may cause accidental transitions, which must be excluded 

from the data. This is done by performing two sets of OODR excitations utilizing one 

rotational level of the intermediate state, J', originating from two rotational levels of the 

ground state, J'' = J' ± 1. The first probe laser scan is recorded with the pump laser on 

resonance with the ground state rotational level J'' = J' + 1 and the second scan is 

acquired with the pump laser on resonance with J'' = J' - 1. Emission that originates from 

the same excited ro-vibrational level will overlap in these scans allowing us to confirm 

the term energy of the observed level. The probe laser frequency will also match the 

resonance frequency with many other one-photon transitions coincidentally from the 

ground electronic state to low lying excited states as well as from ro-vibronic energy 

levels in the intermediate manifold, which are accidentally populated by the pump laser. 

These coincidental and accidental excitations are eliminated from the data set as they are 

only present in one of the probe laser scans. 

This dissertation reports the observation and analysis of the Rb2 31Πg, 61Σg
+, 33Πg, 

and 43Σg
+ electronic states. Chapter 2 contains theory including the Born-Oppenheimer 
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approximation, Hund’s angular momentum coupling cases, electronic state labeling 

nomenclature, and electric dipole transition selection rules. Chapter 3 pertains to the 

experimental apparatus including the laser systems, benchtop optics, heat-pipe oven for 

sample production, and detection instrumentation. Chapter 4 presents the experiment, 

data, and analysis of the singlet 31Πg and 61Σg
+, electronic states. Chapter 5 describes the 

33Πg, and 43Σg
+ triplet electronic states. 
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CHAPTER 2 

PHYSICS OF DIATOMIC MOLECULES 

2.1 Schrödinger Equation   

The complete Schrödinger equation for the diatomic molecules [1] may be written 

by considering the kinetic and potential energy of the nuclei and electrons. The problem 

is only solvable numerically as the electron correlation effects increase the difficulty of 

the equation. The time-independent Schrödinger equation has the form (T + V ) Ψ = E Ψ, 

with the kinetic energy T, the potential energy V, the total energy E, and the total 

wavefunction Ψ. The kinetic energy of the diatomic molecule can be separated into 

nuclear, TN, and electronic parts, TE, as T = TN + TE where 

 

TN = -
ℏ2

2 μ
∇

R⃗
2                                                                                                        (2.1) 

and 

TE = -
i

ℏ2

2 me
∇r⃗i

2 .                                                                                               (2.2) 

 

The reduced mass is represented in Equation (2.1) by μ = M1M2/( M1 + M2 ) with M1 and 

M2 being the masses of the nuclei, and the mass of the electron is me. The internuclear 

separation is defined as R⃗ ≡ R⃗1 - R⃗2, and each electron is located with the vector r⃗i relative 
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to the center of mass. The Coulombic potential is dependent on the positions of the 

electrons and nuclei R⃗i 

 

 V  R⃗; r⃗i  = - 
Z1e2

r⃗i - R⃗1i

- 
Z2e2

r⃗i - R⃗2i

+ 
Z1Z2e2

R⃗
+

Z1e2

r⃗i - r⃗ji, j<i

.                       (2.3) 

 

The linked motions of the nuclei and the electrons make this problem very difficult. The 

Born-Oppenheimer approximation allows us to separate the nuclear and electronic 

motions. 

2.1.1 The Born-Oppenheimer Approximation 

The total Schrödinger equation is written as 

 

TE + TN + V R⃗; r⃗i  Ψ R⃗; r⃗i  = E Ψ R⃗; r⃗i .                                                    (2.4) 

 

The Born-Oppenheimer approximation [1] allows us to separate the motion of the 

electrons from the nuclei, so that we may solve the electronic Schrödinger equation at 

any internuclear separation. The approximation is valid due to the staggering difference 

in mass and energy between the nuclei and electrons. The electrons move much more 

rapidly than the nuclei due to their small mass, and as a result they are able to quickly 

adjust to a change of internuclear separation. We rewrite the total wavefunction as 
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Ψ R⃗; r⃗i  = Fq

q

R⃗  Φq R⃗; r⃗i .                                                                        (2.5) 

 

where the functions Φq R⃗; r⃗i  are the electronic part of the total wavefunctions, and the 

nuclear wavefunctions, Fq R⃗ , only depend on the nuclear. The electronic Schrödinger 

equation may be written as  

 

TE + V R⃗; r⃗i  Φq R⃗; r⃗i  = Eq Φq R⃗; r⃗i                                                         (2.6) 

 

and the effect of TN on the total wavefunction is  

 

TN Ψ R⃗; r⃗i  = -
ℏ2

2 μ
 Fq ∇

R⃗
2  Φq  + 2 ∇R⃗Fq ∙ ∇R⃗Φq  + Φq ∇

R⃗
2  Fq .                  (2.7) 

 

The electronic wavefunction is only weakly dependent on the internuclear distance as a 

result of the large mass difference between the nuclei and the electrons. As a result, the 

nuclear kinetic energy operator reduces to only the last term of Equation (2.7) as the 

gradient of the electronic wavefunctions with the respect to the internuclear separation is 

much smaller than the corresponding gradient of the nuclear wavefunctions, 

∇R⃗Φq ≪ ∇R⃗Fq and TN Ψ R⃗; r⃗i  ≈ - ℏ2 2 μ  Φq ∇
R⃗
2  Fq . The nuclear Schrödinger 

equation is now 
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-
ℏ2

2 μ
∇

R⃗
2  + Es R⃗  - E Fs = 0.                                                                            (2.8) 

 

The value Es  R⃗  is the eigenvalue of the electronic Schrödinger equation and acts as the 

potential energy in the nuclear Schrödinger equation.  

The nuclear motion is composed of rotations and vibrations, and we may split 

Equation (2.8) into these components. The potential is only dependent on the internuclear 

separation for molecules with zero angular momentum, L⃗ = l⃗1 + l⃗2 = 0, but the solutions 

can be expanded by adding a term to Equation (2.8) corresponding to angular momentum 

with an effective potential, Veff = Es R⃗  + 2 μ  ℏ2⁄ J (J + 1) R2⁄  where R is the 

internuclear separation. The total angular momentum quantum number J⃗ = R⃗ + L⃗ here, 

where R⃗ represents the molecular rotation in the common notation. Elsewhere R⃗ is the 

vector connecting the nuclei. The nuclear wavefunction written into radial and angular 

parts then takes on the form Fs  R⃗  = χ(R) Θ(ϑ, φ), where χ(R) denotes the radial 

wavefunction and Θ(ϑ, φ) represents the angular component of the nuclear wavefunction.  

2.2 Molecular Energy Levels   

The base assumption for separating the angular and radial motions is the idea that 

the energies associated with these motions are independent. The most simple model for 

this system would be the harmonic oscillator with Evib = ωe ( v + ½) and a rigid rotor with 

Erot = B J ( J + 1 ) [2]. This makes it possible to consider the motions of the molecule 

rather simply, but the oversimplifications inherent in these approximations tend to 
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produce large errors as the rotational or vibrational energies increase. The harmonic 

oscillator potential is parabolic while the physical molecule dissociates at a finite energy. 

The true potential of the molecule is parabolic in the region of the equilibrium 

internuclear distance at the lowest quantum state E (v, J ) = E (0, 0), but it quickly 

diverges as the energy increases. A better approximation is the anharmonic oscillator in 

the form of the Morse potential 

 

 V (R)= De 1 - e -a ( R - Re )  2.                                                                               (2.9) 

 

Using a Taylor series expansion for Equation (2.9) relative to the equilibrium internuclear 

distance, Re, shows that the Morse potential reduces to a parabola in the low energy 

region. This is shown graphically in Figure 2.1. Further, the rotation depends on the 

vibration through this approximation at equilibrium internuclear distance. The average 

internuclear distance changes with the vibrational level as the potential expands 

asymmetrically towards larger internuclear distance as vibrational energy grows. In 

addition the moment of inertia will similarly change. A more complete model includes 

centrifugal distortion effects due to the molecular rotor being non-rigid. The total energy 

for a diatomic molecule can be written as 

 

Etot = EEl + Evib + Erot                                                      

 = Te + G (v) + Fv (J )                                                                                (2.10) 

where 
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Figure 2.1. Morse and Harmonic Oscillator Potentials. The Morse potential is 

plotted with the harmonic oscillator. The six lowest vibrational levels of the Morse 

potential are shown. The equilibrium internuclear distance, Re, well depth relative to the 

zero-point energy, De, and the well depth relative to the first vibrational level, D0, are 

indicated.  
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 G (v) = ωe(v + 1 2⁄ ) - ωexe(v + 1 2⁄ )2 + ωe ye
(v + 1 2⁄ )3 + …,                        (2.11) 

 

𝐹v (J ) = B (v) J ( J + 1 ) - D (v)[ J ( J + 1)]2+ …,                                         (2.12) 

 

 B (v) = Be - αe(v + 1 2⁄ ) +  𝛾e(v + 1 2⁄ )2 + …,                                                 (2.13) 

and 

 D (v) = De + 𝛽e(v + 1 2⁄ ) ….                                                                            (2.14) 

 

Here the separation of energies provides a term set by the electronic energy, Te, a term 

dependent only on vibration, G(v), and a term dependent on rotation, Fv (J ) [1]. The 

vibrational energy levels depend on the harmonic vibration frequency, ωe, and the 

anharmonicity constants, ωexe and ωeye, as well as higher order terms. The vibrating 

rotator energy spacing, B(v), is dependent rigid rotor constant, Be, the vibrational level, 

and the constants αe and γe, which are small compared to Be. The rotational energy is also 

dependent on the centrifugal distortion, D(v), which depends on the centrifugal distortion 

constant De and βe which is small compared to De. The value of Te indicates the energy 

difference between the bottom of the electronic potential well of interest and the bottom 

of the ground electronic potential well, i.e., Te is the energy between v = - 1/2 of the 

electronic state of interest and the ground electronic state.  

The ro-vibrational energy can also be considered in the form known as the 

Dunham series, 
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Etot = Yk,l(v + 1 2⁄ )k[ J ( J + 1) ]l.                                                              (2.15)
k,l

 

 

The coefficients, Yk,l, of the Dunham series compare closely to the coefficients of 

Equations (2.11-14). The value of Y0,0 does not have a corresponding value in the 

previous set of equations, though, which causes a deviation by a factor of 10-3 for light 

molecules such as H2 to 10-6 for the heavy molecules. The Dunham series and the Morse 

potential are wonderful approximations for electronic states with no perturbations, but the 

excited electronic states of heavy diatomic molecules such as Rb2 are heavily perturbed 

by interactions such as the spin-orbit interaction and the interaction of Rb2 with the ion- 

pair Rb+ + Rb- configuration. The ion-pair coupling can cause the observed potential 

energy functions to deviate significantly from these models. The effects of these 

perturbations can be seen in Figure 2.2 where singlet and triplet potential energy curves 

of Rb2 are plotted [3]. The lowest lying curves follow the Morse type potential curve 

while many potential energy curves above 15 000 cm-1 have clear deformations from the 

Morse potential of Figure 2.1. These are caused by nearby electronic states interacting 

with each other as well as electronic states interacting with the ion pair curve. The 

rubidium ion pair, Rb+ + Rb- Coulomb potential energy curve cuts through the excited 

electronic states. This perturbation causes the second wells and shelves near 10 Å, 20 000 

cm-1 and 12 Å, 25 000 cm-1 of Figure 2.2. 
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Figure 2.2. Potential Energy Curves of the Rubidium Dimer. A selection of ab 

initio curves of the rubidium dimer [3]. Many potential energy surfaces above 15 000 

cm-1 have perturbed structures such as avoided crossings, secondary wells, shelves, and 

barriers.  
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The model potential energy curve is generated using the Rydberg-Klein-Rees 

(RKR) procedure. This model recreates the turning points of the potential energy curve 

using the empirical vibrational energies, G(v), and the rotational constants for each 

vibrational level, B(v). The RKR procedure, and semiclassical analysis in general, relies 

on solving a set of integrals iteratively until convergence. The inclusion, I = I(E,K), is 

defined [4] as the total energy between the bound state and the potential energy curve,  

  

 I = E - V(R) dR
R+

R-

                                                                                         (2.16) 

 

where the internuclear distance values R- and R+ are the inner and outer turning points of 

the potential energy curve, respectively. The integral is only taken where E > V (R ), and 

the energy is that of a bound vibrational state. The excursion is found by taking the 

derivative of the inclusion with respect to energy, 

  

∂ I

∂E
 = R+ - R-                                                                                                      (2.17) 

 

which defines the width of the potential energy well. The derivative is also taken with 

respect to the angular momentum parameter, K = ( J + 1 2⁄ )2, in the RKR procedure to 

produce this independent result 

  

- 2 μ ℏ2⁄
∂ I

∂K
 =  

1

R-
 -  

1

R+
 .                                                                        (2.18) 
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These two equations allow us to fully determine the inner and outer turning points of 

vibration in the region of interest. The integral of Equation (2.15) can be represented in 

terms of the Dunham parameters via the vibrational energy, G(v) or Gv, as well as the 

inertial rotational constant, B(v) or Bv, of that vibrational level. The resulting 

representations of Equations (2.16) and (2.17) are 

  

R+ - R- = 2 
Cu

μ

1

( Gv - Gv')1 2⁄
 dv'

v

vmin

 = 2 f                                                      (2.19) 

and 

1

R-
 - 

1

R+
 = 2 

μ

Cu

Bv'

(Gv - Gv')
1 2⁄

 dv'

v

vmin

 = 2 g,                                                  (2.20) 

 

where Cu is ℏ2 2⁄  and vmin = -1/2. These integrals are solved numerically, though the 

problem of the singularity at the upper end of these integrals wasn’t removed until an 

alternate form was realized by writing the integrand as (v - v' ) / [(Gv - Gv' ) × (v - v' ) ] 

which is differentiable without singularities throughout the region of integration [5].  

The primary limit on the RKR method is its ability to extrapolate beyond the empirical 

data set. The curves reproduce empirical data but rapidly flattens out to the inner and 

outer radii for energies above this energy region. This behavior is unphysical on the inner 

turning points side and causes the dissociation energy on the outer turning point side to 

be much smaller than anticipated by theory. An RKR curve is typically used whenever 
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bound-bound data is available, but alternate methods are used to reproduce the curves 

beyond this empirical region. Additionally, the RKR method is limited to potential 

energy curves with a single minimum.   

2.3 Molecular Symmetry and Labeling 

Symmetry in quantum systems gives rise to selection rules via parity 

conservation. The spherical symmetry of atoms, with exclusion of electron spin, gives 

rise to wavefunctions with basis operators H, L2, and Lz. The diatomic molecule has an 

axis of symmetry along its internuclear axis leading to a preferred direction in space. The 

internuclear axis is defined as the z axis, and the electronic Hamiltonian is invariant for 

rotations about the z axis, but not for rotations about x or y. The angular momentum is 

said to be conserved about the z axis and will commute with the Hamiltonian. The 

eigenvalue of the Lz operator is ML ℏ which represents the projection of the angular 

momentum onto the internuclear axis. This value is denoted by Λ = | ML | in diatomic 

molecular nomenclature [1]. The various Λ values are labeled with capital Greek 

characters in a manner similar to the atomic angular momentum orbital labels: Λ = 0 = Σ, 

Λ = 1 = Π, Λ = 2 = Δ, etc.  

The reflection operation of the electron coordinates through the x-z plane, Py, does 

not commute with Lz, and therefore Lz Py = - Py Lz. This means that states with Λ ≠ 0 

have a degeneracy as Py commutes with the Hamiltonian [ Py, H ] = 0. Each of the states, 

Ψ and Py Ψ, represents a degenerate state with the z-component of the electron orbital 

angular momentum pointing in a different direction. The degeneracy is split by a small 
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interaction between the rotational and electronic motions which is known as Λ-doubling. 

The Λ = 0 states have no such degeneracy, which produces two unique electronic states 

designated Σ+ and Σ-. The + and – labelling here corresponds to the electronic 

eigenfunction’s sign remaining unchanged or changing sign when reflected at any plane 

passing through both nuclei. 

The homonuclear molecules have a center of symmetry related to inversion of the 

electron coordinates, PEl Ψ ( r⃗i) = Ψ (-r⃗i) = ±Ψ ( r⃗i) . Even symmetry is designated gerade 

and odd ungerade, the German words for even and odd, respectively. This symmetry is 

indicated by a subscript g or u after Λ, i.e., Λg/u.  

The total spin of an electronic state is indicated by the multiplicity, 2 S +1, where 

S = s1 + s2. This value is written as a superscript before Λ. Another number or letter may 

precede the multiplicity. This value labels the electronic state from the lowest energy to 

higher energy to distinguish electronic states with the same symmetries originating from 

different atomic orbitals. The numbering system, which is used in the ab initio theoretical 

calculations, follows the symmetries strictly, but the alphabetical labeling system of 

earlier years, X, A, B, C, a, b, etc., ascends in energy and allowed couplings. For example, 

the alkali dimer ground electronic state from early spectroscopic studies is traditionally 

labeled X 1Σg
+. It can also be labeled as 11Σg

+. The first Λ = 1 state is designated b3Πu and 

13Πu. The labeling for Hund’s case (a), discussed below, follows the convention 2S+1Λg/u
+/- . 
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2.4 Hund’s Cases 

The three angular momenta we are concerned with in diatomic molecules are the 

nuclear rotational angular momentum, R⃗, and the electronic orbital angular momentum, 

L⃗, and electron spin, S⃗, which sum to the total angular momentum, J⃗ = L⃗ + S⃗ + R⃗. The 

coupling of these angular momenta depends on the molecule and its rotational state. 

There are five angular momentum coupling cases labeled as Hund’s cases (a) through (e) 

[1, 2]. Cases (a), (b), and (c) are of particular interest for the electronic states studied in 

this dissertation, and each of these are diagrammed in Figure 2.3.  

2.4.1 Hund’s Case (a) 

In this case, the electron orbital angular momentum couples strongly to the 

internuclear axis, and the electron spin couples strongly to the electron angular 

momentum due to a strong spin-orbit interaction. The coupling of the angular momentum 

and spin with the internuclear axis results in these vectors no longer being good quantum 

numbers. The projections of L⃗ and S⃗ onto the internuclear axis are good quantum 

numbers in case (a) due to the strong coupling, and we label these with Λ and Σ, 

respectively. Their sum, Ω = Λ + Σ, is indicated as subscript after the orbital electronic 

angular momentum projection, ΛΩ. The Ω value ranges from | Λ - Σ | to | Λ + Σ |, and the 

total angular momentum is written J⃗ = Ω⃗  + R⃗. Note that R⃗ points along the axis of 

rotation, and so it is orthogonal to Ω⃗, yielding J⃗  2 = J⃗ ∙ J⃗ = (Ω⃗ + R⃗ ) ∙ ( Ω⃗ + R⃗ ) = Ω⃗ 2 + R⃗ 2. 

The rotational energy for Hund’s case (a) goes as Bv [J ( J  + 1) ]. The smallest allowed  
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 Figure 2.3. Diagram of Hund’s Angular Momentum Coupling Cases. The angular 

momentum couplings for the Hund’s cases (a), (b), and (c) are shown. The dashed 

ellipses indicate fast rotations about the designated axis while the solid lines indicate 

slow precessions about the indicated axis. 
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value of J⃗ is Ω as the nuclear angular momentum, R⃗, is allowed to go to zero. This means 

that electronic states with non-zero Ω will have a minimum value of J = Ω.  

2.4.2 Hund’s Case (b) 

Hund’s case (b) differs from case (a) by the spin component becoming uncoupled 

from the internuclear axis due to a weak spin-orbit interaction. This results in Ω 

becoming undefined, so the resultant angular momentum comes about by Λ⃗ coupling to R⃗ 

to produce N⃗. N⃗ couples with S⃗ to produce the total angular momentum, J⃗. Each N level is 

split into ( 2 S + 1 ) different levels by the coupling with S⃗.   

2.4.3 Hund’s Case (c) 

Hund’s case (c) typically applies to molecules composed of heavy atoms as the 

coupling arises due to the large spin-orbit interaction of these species. Another example is 

the van der Waals molecules, such as NaAr, with larger ground state equilibrium 

internuclear distance leading to weaker independent coupling of the orbital and spin 

angular momentum to the internuclear axis [6]. In such molecules, the electrons’ orbital 

angular momentum couples to their spin more strongly than to the internuclear axis. This 

results in Λ, Σ, L⃗, and S⃗ not being good quantum numbers. First, L⃗ and S⃗ couple together 

to form J⃗a. The projection of J⃗a onto the internuclear axis produces Ω which couples with 

R⃗ to form the total angular momentum, J⃗. As Λ is no longer defined, the labeling of case 

(a) is no longer valid. These states are typically labeled by their Ω value. Similarly, as S⃗ 
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is no longer defined, selection rules on S are no longer rigorous, so forbidden transitions 

of case (a) or (b) may be allowed in case (c).  

2.5 Selection Rules 

The transitions between electronic states are restricted due to conserved quantities 

within the system. Total angular momentum must be conserved, and this confines the 

allowed changes in momentum during emission, absorption, or radiationless transitions. 

Photons carry one unit of angular momentum, lγ = 1, so transitions involving a photon 

allow the total angular momentum to change by 1 or 0, Δ J = 0, ±1. If both states belong 

to Hund’s case (a) and have Λ = 0, then Δ J = ±1. Transitions involving at least one 

electronic state with Λ ≠ 0 allow for transitions of Δ J = 0, ±1 to be observed. These are 

referred to as R, Q, and P branches for Δ J = Jꞌ - Jꞌꞌ = +1, 0, and -1, respectively. The 

upper state is designated by the Jꞌ and the lower by Jꞌꞌ. The vibrational motion is not 

conserved and therefore has no selection rules for transitions between electronic states. 

The transitions within an electronic state, intrastate transitions, do have restrictions on the 

change in vibrational quantum number, but this is due to the orthonormality conditions of 

the vibrational levels within an electronic state.  

The other selection rules, for example those concerning the center of symmetry of 

homonuclear diatomics, are determined by considering the conservation of parity during 

transitions. Nature requires that the parity be conserved during a transition, and the 

transition dipole moment, D⃗ ( r⃗ ) = q r⃗, is an odd parity function about the center of 

symmetry. The transition dipole moment involving the emission or absorption of a 
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photon is Ψ'  D⃗ Ψ'' . Therefore, the electronic wavefunction of one of the states 

involved must have an odd parity and the other even though there are several symmetries 

to consider.  

The total parity, +/-, is generated by reflecting the electronic, vibration, and 

rotational parts of the wavefunction about the origin, E Ψ(Xi, Yi, Zi) = Ψ(-Xi, -Yi, 

-Zi) = ± Ψ(Xi, Yi, Zi) in the laboratory frame with Ψ =  ψelψvibψrot. Here, the capital 

coordinates refer to the location of the ith particle in the lab frame. Note also that the total 

parity, +/-, does not consider the nuclear spin, and as such it is often referred to as the 

total parity without nuclear spin. The vibrational wavefunction, ψvib, is always even as it 

depends on only the magnitude of the internuclear separation, E ψvib = ψvib.  

The rotational wavefunction, ψrot, is the spherical harmonics for 1Σ states yielding 

E ψrot = (-1)J ψrot. This shows that rotational wavefunctions change parity with J for 1Σ 

states. It is often convenient to consider the rotationaless parity, e/f, where the factor of (-

1) J is divided out from the total, +/-, parity. Other electronic states have rotational 

wavefunctions described by the ket |ΩJM⟩, with the parity of this rotational wavefunction 

being, E | Ω J M ⟩ = (-1)J - Ω | -Ω J M ⟩. The effect of inverting the coordinates from the 

lab frame on the electronic wavefunction is equivalent to reflection in the plane of the 

molecule, σv, from the molecular frame [2]. The effect of this on the spin and angular 

electronic wavefunctions are σv|S Σ⟩ = (-1)S - Σ|S,-Σ⟩ and σv|Λ⟩ = (-1) |-Λ⟩. The parity of 

the Λ = 0 states have the peculiar result σv |Λ = 0⟩ = ±|Λ = 0⟩ which produces the Σ+/- 

labeling. Higher Λ states are not labeled as they always appear as pairs due to the twofold 

orbital degeneracy of L.  
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The effect of the parity operator on the total wavefunction is then 

σv|𝑛 Λ S Σ⟩| Ω J M ⟩|v⟩ = (-1)J + S - 2Σ |n, -Λ, S, -Σ⟩| -Ω J M ⟩|v⟩ for all states but Σ- which 

have an added term of 1 in the superscript of the (-1) factor. The unfortunate effect of the 

parity flipping with each J is clear here. The rotationless parity, e/f, reduces the 

eigenvalue of the total parity by a factor of (-1)J. This parity is then constant throughout 

all ro-vibrational levels of the 1Σ electronic states with the 1Σ+ states having e parity and 

the 1Σ- states being f. The other electronic states have degenerate e/f ro-vibrational levels 

The total parity without nuclear spin is perhaps the penultimate worst named 

parity of the homonuclear diatomics. The worst being the symmetric/antisymmetric 

parity, s/a, which includes the electronic, vibrational, and rotational wavefunctions with 

an additional wavefunction responsible for the nuclear spin, Ψtot =  ΨΨns. The 

symmetric/antisymmetric parity operator, P12, interchanges the location of the pair of 

nuclei. The parity calculation now requires knowledge of the nuclear spins. Rubidium 

with atomic mass of 85 have nuclear spin I = 5/2 meaning they are fermions and the 

symmetric parity acting on the total wavefunction is antisymmetric, P12Ψtot = -Ψtot. 

Nuclei with integer nuclear spin are bosonic and their total wavefunctions are symmetric. 

The nuclear wavefunctions are a result of the combination of the spin from each nucleus. 

This results in several nuclear wavefunctions which themselves may be symmetric or 

antisymmetric with respect to P12. The total wavefunction is produced by combining 

nuclear symmetric wavefunctions with antisymmetric rovibronic wavefunctions, Ψ, and 

vice versa. The antisymmetric rovibronic wavefunctions are labeled a and the symmetric 

rovibronic wavefunctions are labeled s. This results in gerade electronic states in which 
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rotational levels with + total symmetry having s rovibronic wavefunctions and – total 

symmetry having a rovibronic wavefunctions.   

Arriving back at the transition dipole operator, we can now consider that the – 

total parity of the dipole operator requires that the total parity of one of the rovibronic 

wavefunctions must be + while the other is – to conserve the total parity. In a similar 

consideration, the nuclear spin is unlikely to change during the absorption of a photon, so 

the symmetry parity of the rovibronic wavefunction should remain unchanged. It is also 

unlikely that the nuclear spin will change during a collision or perturbation resulting in 

the symmetry parity being conserved in most considerations. 

Transitions which do not involve radiation, such as those due to collisions or 

perturbations, must still obey parity conservation [1]. Transition probabilities are 

proportional to the Condon factor, ⟨Ψ'|Ψ'' ⟩, or Franck-Condon factor (FCF), provided 

that the transition dipole moment smoothly varies with internuclear separation. We can 

see that these interactions will only be allowed between levels with the same parities, + 

↔ +, - ↔ -, s ↔ s, a ↔ a, g ↔ g, and u ↔ u. As the photon is not present, the restriction 

that the total angular momentum is conserved depends on the interaction. Perturbations 

require the total angular momentum to remain the same as there is no photon or particle 

carrying angular momentum to or from the molecule, but the electron spin and angular 

momentum projection are allowed to change. The change in S or Λ via a perturbation is 

incorporated into the molecular angular momentum, R. Collisions are still restricted by 

the rules regarding parity, but the collision partner is able to change the angular 

momentum. The colliding partner can change the angular momentum by tens of J with 
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decreasing likelihood as Δ J grows [7, 8]. The allowed transitions are summarized in 

Table 2.1.  

 
Table 2.1. Allowed Transitions Between Electronic States for Homonuclear Diatomic 
Molecules of Hund’s Case (a).  
 
Interaction Type 
 

g/u +/- Δ S Δ Λ Δ J 

Electric Dipole g ↔ u + ↔ - 0 0, ±1 ±1 for Λ' = Λ'' = 0 
 0, ±1 for all other Λ 

      
Perturbation g ↔ g 

u ↔ u 
+ ↔ + 
- ↔ - 

0, ±1 0, ±1 0 

      
Collision g ↔ g 

u ↔ u 
+ ↔ + 
- ↔ - 

   

      
 

2.6 Bound-Free Transitions 

Molecules in bound ro-vibrational levels in excited electronic states are allowed 

to decay to bound levels of lower electronic states by bound-bound (bound state to bound 

state) transitions. They are also allowed to decay to the repulsive inner wall of a lower 

energy potential energy curve in bound-free transitions as illustrated in Figure 2.4. The 

inverse process, exciting the molecule from a bound level in a lower energy electronic 

state to the repulsive energy region of the potential of a high energy electronic state 

leading to dissociation of the molecule, is also possible. The molecules undergoing a 

transition to the repulsive region break apart into a pair of unbound, or free, atoms. The 

solutions to the Schrödinger equation for these unbound atoms are the free particle 

wavefunctions.  
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The intensity of both types of transitions take on a similar form. The bound-bound 

transitions occur when discretized levels between electronic states couple together, so 

intensity calculations concern only the nature of these two levels as  

 

I nm (λ) = Nn h c λnm
-1  Anm                                                                                  (2.21) 

 

where m and n label the lower and upper levels, respectively, N is the number of particles 

in level n, λnm is the wavelength of light emitted as the molecule decays from the upper 

level to the lower, and Anm is the Einstein coefficient for spontaneous emission given by   

 

Anm=
64π4

3hλnm
3 χn

* D (R) χm
 dR

∞

0

2

.                                                                     (2.22) 

 

Where χ is the radial wavefunction for the labeled level and D (R) is the transition dipole 

moment. The transitions between bound levels are spectrally narrow as the linewidths are 

on the order of the inverse lifetime of the excited state. They can be broadened to spectral 

features from Megahertz to Gigahertz linewidths by temperature (Doppler) and pressure 

effects, but these are still narrow compared to the bound-free transitions. The wide 

frequency range of these transitions require a differential form of the intensity 

 

dI

dλ
dλ = 

64 h c2 π4

3
Nn T ( λ) dλ                                                                         (2.23) 
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Figure 2.4. Bound-Free Spectrum Mechanism. Molecules decaying from a bound 

level to the repulsive part of a lower potential produces pairs of free atoms and a 

continuous spectrum. The intensity of bound-free emission from a bound level to a 

repulsive potential on which the molecule dissociates into two free atoms is proportional 

to the probability distribution of the excited state wavefunction [9]. The energy range of 

the spectrum is determined by the term energy of the emitting level and the potential 

energy curve of the lower electronic state. An experimentally recorded bound-free 

spectrum from the 43Σg
+( v = 12, J = 11 ) level is shown. The wavefunction of the excited 

level was tabulated with LEVEL [10] using an ab initio potential [11]. The amplitude of 

the wavefunction is enlarged for the viewer. 
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with 

 

 T ( λ) = SJ'J''

J''

χU
 J'* D (R) χL

 J''dR
∞

0

2

.                                                          (2.24) 

 

The SJ'J'' values are the Honl-London factors which incorporate the nuclear rotational 

momentum into the transition probability integral [1], and χU
 J' represents the bound 

wavefunction of the upper electronic state with rotational angular momentum quantum 

number J' which decays to all allowed J'' of the repulsive part of the lower electronic 

state. The free-particle wavefunctions, χL
 J'', are oscillatory with a maximum amplitude 

near the inner turning point of vibration. This results in the maximum overlap between 

the wavefunctions occurring near the inner turning point, and the observed spectra tend to 

have a shape which is dominated by χU
 J' 2

. This means that the spectra have the same 

number of minima as the upper state wavefunction node number yielding the vibrational 

quantum number. These spectra may also be used to determine the structure of electronic 

potential energy curves [9, 12].  

Potential energy curves produced using the RKR method are accurate in the 

harmonic region of the well because it utilizes bound-bound data. This does not 

necessarily extrapolate to the repulsive inner wall or long-range asymptote as the bound-

bound transition intensity decreases as the vibrational quantum number increases. The 

bound-free spectra can be incorporated into analyses to improve the quality of the 

repulsive inner well of the lower potential energy curve. Accurate vibrational 

wavefunctions can be generated with knowledge of the excited electronic state potential 



 

31 

energy curve. A trial potential energy curve for the lower electronic state is selected, free-

particle wavefunctions for this curve are generated, and the transition intensity is 

determined. The minima of the experimental spectra are compared with the minima of the 

transition intensity calculation, and a new potential is generated to align the minima. 

 

 

 

  

  



 

32 

Bibliography 

 
[1] G. Herzberg, Molecular Spectra And Molecular Structure: Volume 1 - Spectra Of 

Diatomic Molecules (Krieger Publishing Company, Malabar, Florida, 1989). 
 
[2] P. F. Bernath, Spectra of Atoms and Molecules (Oxford University Press, New 

York; Oxford, 2005). 
 
[3] W. Jastrzebski, P. Kowalczyk, J. Szczepkowski, A.-R. Allouche, P. Crozet, and 

A. J. Ross, J. Chem. Phys. 143, 044308 (2015). 
 
[4] E. H. Lieb, Studies in Mathematical Physics: Essays in Honor of Valentine 

Bargmann (Princeton University Press, 2015). 
 
[5] J. Tellinghuisen, Journal of Molecular Spectroscopy 44, 194 (1972). 
 
[6] D. Schwarzhans and D. Zimmermann, Eur. Phys. J. D 22, 193 (2003). 
 
[7] H. Salami, T. Bergeman, B. Beser, J. Bai, E. H. Ahmed, S. Kotochigova, A. M. 

Lyyra, J. Huennekens, C. Lisdat, A. V. Stolyarov, O. Dulieu, P. Crozet, and A. J. 
Ross, Phys. Rev. A 80, 022515 (2009). 

 
[8] C. M. Wolfe, S. Ashman, J. Bai, B. Beser, E. H. Ahmed, A. M. Lyyra, and J. 

Huennekens, J. Chem. Phys. 134, 174301 (2011). 
 
[9] E. J. Breford and F. Engelke, Chem. Phys. Lett. 53, 282 (1978). 
 
[10] R. J. Le Roy, J. Quant. Spectrosc. Radiat. Transf. 186, 167 (2017). 
 
[11] W. Jastrzebski, P. Kowalczyk, J. Szczepkowski, A. R. Allouche, P. Crozet, and A. 

J. Ross, J. Chem. Phys. 143, 044308 (2015). 
 
[12] J. Tellinghuisen, J. Mol. Spectrosc. 103, 455 (1984). 
 

 
 



 

33 

CHAPTER 3 

LABORATORY APPARATUS 

This chapter describes the experimental apparatus used in the high-resolution 

double resonance spectroscopy experiments of excited electronic states of the rubidium 

dimer molecule. The apparatus used in these experiments is shown in Figure 3.1. The 

equipment described here includes the laser systems, the heat-pipe oven used in the 

sample preparation, the monochromators used to detect resolved fluorescence, and 

detection electronics. 

3.1 Laser Systems 

A pair of tunable lasers are oriented in a counter-propagating configuration to 

excite the rubidium dimers. The Coherent 699-29 and 899-29 Autoscan lasers use an 

organic dye or a titanium doped sapphire crystal (Ti:Sa) as a gain medium [1]. The Ti:Sa 

laser cavity is illustrated in Figure 3.2 and the ring dye cavity is illustrated in Figure 3.3. 

The laser systems include both pump lasers and tunable narrow band single mode lasers 

with roughly 1 MHz frequency stabilized output.  

The argon ion (Ar+) pump laser (Innova Sabre by Coherent) is used as an energy 

source to create population inversion in the tunable lasers. Alternatively, solid state pump 

lasers are used to pump the tunable ring laser cavities. These rely on an ion doped crystal 

gain medium such as the neodymium doped yttrium orthovanadate (Nd:YVO4) crystal, 

which is used in the Verdi laser systems by Coherent Inc. This crystal emits strongly at    
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Figure 3.1. Diagram of the Experimental Setup. Tunable, cw, single-mode, 

narrow band (~1 MHz) Coherent 899-29 Titanium Sapphire and Coherent 699-29 with 

LDS 722 dye lasers are used as the pump and probe, respectively, in the counter-

propagating configuration.   
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Figure 3.2. Diagram of the Titanium Sapphire Ring Laser. The pump laser beam 

comes from the left, reflecting from P1, P2, and then P3. This mirror expands the beam 

and directs it to L1 where the beam is focused and passed through the back of M1. M1 is 

transparent to the seed beam wavelength and highly reflective in the IR. The focusing 

light then enters the titanium sapphire crystal (TSC). Light passes around the ring cavity 

until exiting from M4 and heading to the reference cavity, wavemeter, and experiment. 

 

 

 

 

 

 

Figure 3.3. Diagram of the Ring Dye Laser. The operation of the dye laser is very 

similar to the titanium sapphire cavity. The pump laser beam comes directly from the 

back of the cavity and is incident on P1 which focuses the beam near the dye jet (DJ). A 

compensation rhomb (CR) guides the light in the correct direction.  
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1064 nm which is frequency doubled using a nonlinear crystal [2] to 532 nm. 

The pump laser enters through the back of the ring cavity and is tightly focused 

within the gain medium. Fluorescence from the gain medium then oscillates around a 

four-mirror ring cavity with several intracavity optical components in the beam path to 

reduce the bandwidth of the laser oscillation and to tune the laser frequency. Different 

laser cavity mirror sets are used for different output frequency ranges. This allows these 

laser cavities to have remarkably broad wavelength ranges of gain media. The intracavity 

optics are oriented at the Brewster angle to eliminate the horizontal polarization which 

suffers a small loss while the vertical polarization is transmitted.  

Various intracavity optical components are used to modify the gain of the 

numerous longitudinal modes oscillating in the laser cavity to achieve tunable laser 

output based on a single longitudinal mode of oscillation. These include the birefringent 

filter (BRF) and the intracavity etalons as shown in Figures 3.2 and 3.3. The birefringent 

filter provides the broadest tunable transmission among the intracavity optics 

components. The BRF reduces the bandwidth of the laser from tens of nanometers to a 

fraction of a nanometer utilizing three layers of birefringent crystals. The easy-axis of 

these crystals are aligned such that the polarization of one wavelength of light will be 

unaffected as it transmits and the polarization of all other wavelengths will rotate slightly 

and suffer losses at the surfaces of the Brewster angle oriented optics. A pair of etalons 

are used to reduce the bandwidth further; the thin etalon has a free spectral range (FSR) 

of approximately 200 GHz and is mounted on a galvanometer to tune its angle. The thick 

etalon has an FSR of 10 GHz and is constructed from a pair of Littrow prisms mounted to 



 

37 

piezoelectric crystals. A final tuning element, the Brewster plate, is located near the 

output coupler of the ring laser cavity to allow continuous tuning within the 10 GHz 

window of the thick etalon. The ring cavity lasers can be tuned in steps as small as 1 

MHz though scans are typically carried out at step sizes on the order of 10 MHz. 

A magnetic stack is used in conjunction with a quartz crystal to make the ring 

cavity lase in only one direction. This configuration is referred to as an optical diode. The 

quartz crystal rotates the polarization of the forward and reverse traveling photons by 

some angle, and the magnetic field is oriented so that it will rotate the polarization of the 

forward traveling photons to their original (vertical) orientation. The photons traveling in 

reverse direction will have their polarization further rotated away from the original 

polarization. The reverse traveling photons will then suffer losses at the many surfaces 

maintained at the Brewster angle.  

Various gain media are used in our experiments for different wavelength ranges. 

The titanium sapphire crystal absorbs most strongly around 500 nm and has a strong gain 

profile in the 700-1020 nm region. Unfortunately, lasing over the full gain profile 

requires using different sets of optics. One set of optics provides a tunable frequency 

range that is large enough to cover a range of approximately a thousand wavenumbers. 

Figure 3.4 shows the gain profile for three dyes as well as the gain profiles for the 

titanium sapphire crystal with different optic sets. The light generated with these laser 

cavities are directed to the heat-pipe oven in a counter-propagating configuration to 

minimize the Doppler effect. 
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Figure 3.4. Gain Media Tuning Curves. Tuning curves for gain media used in 

these experiements. From left, the black short dashed line is R6G, the red dash dot dot 

line is DCM Special, and the blue dash dot line is LDS 722 [3]. The titanium sapphire 

gain profiles are the remaining three lines which represent different optic sets for the 

cavity; the solid black line corresponds to the short wavelength range, the red dash line to 

the intermediate range, and the blue dots to the long wavelength range [4]. 
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3.2 Heat-pipe Oven  

The prepared laser beams are used to excite molecular gas samples, which are 

highly reactive with atmosphere so they must be contained in a secure environment. The 

heat-pipe oven was developed to allow for safe and efficient preparation and 

experimentation on this hot, reactive gas [5-8]. The device consists of stainless-steel 

pipes welded together into a crossed arm configuration. Four of the arms are parallel to 

the plane of the optical table while the fifth arm points up. The end of each arm is sealed 

with a glass window and O-ring. The minimum operating pressure of the heat-pipe ovens 

is on the order of tenths of a Torr. The apparatus allows for multiple laser excitations and 

multiple detectors to be in use simultaneously in a relatively compact setup.  

The primary benefit of the crossed arm configuration is being able to use multiple 

excitation sources propagating orthogonally to multiple detectors. The detectors are 

exposed to minimal amounts of scattered laser light and have virtually no chance of being 

directly exposed to the laser beam along the propagation direction. The traditional heat-

pipe oven was a single pipe which resulted in the excitation source and detectors relying 

on the same linear path. The excitation sources and detectors need to be nearly in line 

with one another which could lead to failure of the sensitive detection instrumentation by 

energization by the laser. Pierced mirrors were also used to allow detection of 

fluorescence along the axis of the heatpipe. These mirrors have a hole near their center 

that allows for laser beams to pass through unobstructed while fluorescence from the 

heatpipe is redirected to the detector. There is a vacuum connection near the window of 

each arm that is attached to a gas manifold, which can be used to evacuate the heat-pipe 

with a mechanical floor pump as well as introduce inert buffer gas such as Argon (Airgas 



 

40 

UHP300, 99.999%). A new heatpipe is be cleaned, assembled, and then pumped until the 

pressure drops to below one Torr. The heatpipe should then be heated to around 100 °C 

while pumping. These pumping and heating steps are done to drive off any organic 

compounds and water vapor deposits that remain in the apparatus. These compounds may 

react with alkali metals causing a shortened lifetime of the apparatus and erroneous 

signals in the experiment.  

A small alkali metal reservoir is located at the bottom of the five-arm heat-pipe 

which will typically hold approximately 100 g of alkali metal during an experiment. The 

heat-pipe contains rubidium metal (Alfa Aesar 10315, 99.75%) with a natural abundance 

ratio of the 85Rb (72.17%) and 87Rb (27.83%) isotopes. The heat-pipe oven is kept at 450 

K during the experiment to generate rubidium dimers at 18 μTorr and atomic rubidium at 

approximately 14 mTorr [9]. We estimate that the Doppler linewidth (FWHM) for the 

pump transition to be about 400 MHz [10] based on the temperature of the oven.  

 The temperature can be increased to generate more dimers, but this increased 

temperature results in an increased partial pressure and thermal velocity of the atomic 

metal vapor. As the temperature increases, metal atoms eventually penetrate the cool inert 

gas region near the windows and pass through to deposit on the glass. Maintaining the 

temperature at 450 K ensures that the rubidium does not have enough energy to reach the 

windows while still producing adequate fluorescence intensity from the excited states.  

3.3 Detection Instrumentation 

The simplest detector setup is attaching a photomultiplier tube (PMT) to one of 

the sidearms of the heat-pipe oven. A lens against the window with a focal length 
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matching the PMT’s separation from the interaction region allows for the maximum 

amount of light to be incident on the active region. The Hamamatsu R928 PMT used in 

this experiment is responsive across a wide wavelength range [11] which is useful in 

many experiments. The cathode radiant sensitivity for this PMT is plotted in Figure 3.5. 

The wide spectral response of the PMT is useful because it allows us to use the 

same detector for multiple experiments, but it also requires us to carefully choose the 

wavelengths of light that will be be incident on the PMT surface. Rayleigh scattering of 

the laser light would be far too intense for the PMT and associated electronics to accept 

without causing damage. Glass filters are used in the side-arm mounted PMT 

configuration to prevent the laser light from passing to the detector. These filters allow a 

band of light through while eliminating other wavelengths. These were used in the 

rubidium spectroscopy experiment to eliminate the laser light from the Ti:Sa and LDS 

722 lasers with wavelengths ranging from 700 nm to 900 nm. The allowed band of 

photons are emitted from the rubidium dimers in the excited state region of 24 000 cm-1 

to 26 000 cm-1 as the molecules relax to the ground triplet electronic state. Bound-free 

transitions will terminate near the asymptote of the triplet ground state which is near 4 

000 cm-1. Signals of interest will have energies of 20 000 cm-1 to 22 000 cm-1 or 

wavelengths of 455 nm to 500 nm. There are also allowed bound-bound transitions to the 

ground triplet potential energy curve which is a few hundred wavenumbers deep. This 
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Figure 3.5. Hamamatsu R928 PMT Response. Wavelength dependent response of 

the PMT in these experiments [11].   
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extends the fluorescence region of interest down to 446 nm.  

The population in the excited region will also decay to many other electronic 

states, but we will not be monitoring these transitions. This is due to the fact that these 

transitions have energies that are near the laser lines or are far into the infrared. The 

filters used in this experiment were chosen such that the laser lines would be blocked 

while the desired fluorescence would pass through, and their transmission curves are 

shown in Figure 3.6.  

The PMT is also used to detect and amplify the laser induced fluorescence signal 

of a molecular iodine vapor reference cell. The probe laser is directed to the iodine 

reference cell and the rubidium heat-pipe oven simultaneously. Calibration is achieved by 

comparing multiple iodine fluorescence peaks with the iodine atlas [12, 13]. The uranium 

atlas is used to determine the calibration of the lasers and instruments from 11 000 cm-1 

to 13 000 cm-1 [14]. A low intensity laser beam is incident on a hollow cathode lamp 

containing a small percentage of uranium. Uranium is excited by the photoelectric effect 

and generates currents which are amplified and sent to the scanning lasers. There are not 

nearly as many bright transitions as in the iodine dimer, so calibrations lines are available 

much less frequently.  

The signal during scanning is amplified by the PMT, but there are many extra 

signals due to coincidental excitations. A mechanical modulator, Stanford Research 

System (SRS) model SR540, and lock-in amplifier, SRS model SR850 DSP, removes  

these coincidental excitation signals by subtracting the measured intensity when the 

pump beam is blocked from the measured intensity when both beams are allowed to enter  
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Figure 3.6. Glass Filter Transmission. Transmissivity of glass filters used in this 

experiment.  
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the heat-pipe oven. This minimizes the signal from these accidental excitations by the 

probe laser. 

A SPEX 1404 double monochromator was used in this experiment to resolve 

bound-free fluorescence. The monochromator response is limited by the PMT, internal 

mirrors, and gratings. To measure spectra of longer wavelengths we use a BOMEM DA8 

Fourier Transform Infrared (FTIR) interferometer. The relative sensitivity of the 

detectors used in the BOMEM DA8 are shown in Figure 3.7Figure 3.7. BOMEM DA8 

Detector Sensitivity. The (a) InGaAs and (b) Silicon photodiode avalanche detectors 

photoresponse curves in the BOMEM DA8.Figure 3. Light from the sample is guided via 

a multimode optical fiber and coupled to the instrument as shown in Figure 3.1. The fiber 

can quickly be swapped to allow for measurement from different samples throughout the 

laboratory as needed. The FTIR utilizes a Michelson interferometer design with a 

temperature stabilized HeNe laser for calibration. Typically, scans are done at resolutions 

of 0.1 cm-1 for verifying the pump laser resonance frequencies. Scans of a resolution of 

0.01 cm-1 are used for calibration of the instruments, which is achieved by simultaneously 

exciting a reference spectrum [15] with a laser and passing the laser into the FTIR. 
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Figure 3.7. BOMEM DA8 Detector Sensitivity. The (a) InGaAs and (b) Silicon 

photodiode avalanche detectors photoresponse curves in the BOMEM DA8.  
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CHAPTER 4 

THE 31Πg AND 61Σg
+ STATES 

This chapter reports results of the study of the 31Πg and 61Σg
+ electronic states of 

the rubidium dimer. Ro-vibrational term energies were collected and analyzed to generate 

Dunham coefficients and RKR potential energy curves. The results of this work have 

been published [1, 2]. 

4.1 Introduction  

High resolution spectroscopy of alkali dimers has an impact in the fields of 

ultracold molecule formation and control [3-14], Rydberg molecules [15-24], 

development of ab initio methods [25-28], fine structure constant related studies [29-32], 

and physics beyond the standard model [33]. Accurate measurement of molecular ro-

vibronic transitions makes it possible to create experimentally determined Potential 

Energy Curves (PECs) which provide the foundation for calculations of Einstein A 

coefficients, Franck-Condon Factors, and transition frequencies for such studies. Alkali 

atoms with their single valence electron are the earliest and simplest systems understood 

through spectroscopy; alkali dimers, similarly, have played a major role in modern 

Atomic, Molecular and Optical Physics. The hydrogen atom and the H2 molecule present 

significant challenges in that transitions between electronic states involve light in the UV 

to VUV range, which is absorbed to some degree even by optical components made of 

quartz, which are typically used in spectroscopy experiments. The heavier alkali dimers 
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present their own set of challenges, but these have been easier to overcome than problems 

associated with hydrogen. 

Historically the lighter diatomic alkali metals have been the next obvious choice 

as they are particularly simple with small spin-orbit coupling and relatively few 

perturbations between singlet and triplet states. In addition, their electronic transitions 

occur in the visible to near-infrared wavelength range allowing for simpler experimental 

setups relative to hydrogen. As the experiments and structures are simpler, a lot of 

research on the electronic structure of diatomic lithium is already available with many of 

the experimental potential energy functions having been experimentally determined even 

for higher lying electronic states [34]. Previous studies on the relatively unperturbed 

lithium, sodium, and even potassium dimers in our laboratory have produced PECs using 

the RKR method with residuals below 0.2 cm-1 [35-38], though some of the studies 

utilized more complicated methods to reduce the error to below 0.1 cm-1 [39-41]. The 

spectra of the heavier alkali dimers are more complex due to the spin orbit interaction, the 

interaction due to ion-pair formation, and other effects. Current spectroscopic research of 

the cesium and rubidium dimers involves heavily perturbed electronic states. The heavier 

radioactive alkali dimers are not readily studied due to the new set of challenges that arise 

when working with this class of materials [42] despite interesting potential applications 

[43].  

The challenges associated with understanding the perturbed regions of the heavy 

alkali dimers have led to a lack of experimental data and a corresponding lack of accurate 

PECs. A number of ab initio studies have been performed on the electronic structure of 
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Rb2 [26, 27, 44-52], though even the accurate ones are limited by an error on the order of 

10 cm-1
 [26, 27] compared to our measured ro-vibrational energy level term values which 

are accurate to within 0.02 cm-1 [1, 2]. There have been previous experimental studies 

performed on the singlet ground state, X 1Σg
+ [53-55], the triplet ground state, a3Σu

+ [56], 

the intermediate manifold of the A1Σu
+ ~ b3Πu electronic states [57-59], as well as many 

excited electronic states [27, 54, 59-102]. However, there is a significant lack of 

experimental data for the 5p + 5p atomic limit and higher manifolds. A few studies have 

been performed in this region of the electronic states of ungerade symmetry [27, 90, 103-

107]. However, to our knowledge, very little was known about the electronic states of 

gerade symmetry, when this project was started.  

Successful de-perturbation of the four Ω components of the A1Σu
+ ~ b3Πu manifold 

of electronic states: A1Σu Ω = 0
+ , b3Πu Ω = 0, b3Πu Ω = 1, and b3Πu Ω = 2, of the alkali dimers 

has required thousands to tens of thousands of data points [58, 59, 108-111]. There are at 

least four electronic states in the region of our study and, multiple Ω components, 

involving allowed or perturbation facilitated transitions through the intermediate 

manifold the singlet-triplet mixed states resulting in fluorescence to the triplet ground 

state. There remains the slew of dark states that we were not able to measure due to 

forbidden excitations or decays. For example, the Λ = 2 electronic states cannot decay to 

the triplet ground state as it has Λ = 0, and only ΔΛ = 0, ±1 transitions are allowed 

according to electric dipole selection rules. However, these dark states may still perturb 

our measured term values since perturbations between ΔΛ = 0, ±1 are allowed. One study 

attempting to de-perturb the excited electronic states of rubidium dimer in this energy 
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region involved the 51Σu
+ and 51Πu electronic states. The de-perturbation reduced the 

maximum residuals of the term energies from approximately 2 cm-1, when using a 

noninteracting states model, to 0.5 cm-1 by including interactions between the two states 

[99]. Of the 3 200 measured term values, approximately 100 had residuals above 0.2 cm-1 

and 200 were unused in the fitting due to excessive perturbations from neighboring 

electronic states. To properly de-perturb these electronic states, knowledge of all 

neighboring states is required.  

4.2 Experiment  

In this experiment the pump laser transfers population from the electronic ground 

state to an intermediate level, and the probe laser is used to probe the excited electronic 

states of interest. This is an example of an Optical-Optical Double Resonance (OODR) 

experiment [112]. The OODR scheme is useful for this experiment because it allows us 

to probe excited electronic states of gerade symmetry from the gerade symmetry ground 

state by electric dipole transition selection rules through the ungerade intermediate state. 

The ab initio PECs for these states show interesting behaviors such as avoided crossings 

and multiple well structures [26, 27]. Our experiment also allows excitation of the triplet 

excited states since the singlet intermediate state has mixed triplet character due to spin-

orbit perturbations within the A1Σu
+ ~ b3Πu manifold of states. In this sense, we are 

performing Perturbation Facilitated Optical-Optical Double Resonance (PFOODR) in this 

experiment as well [113].  

An overview of the apparatus is provided in Chapter 3 which includes details on 

the experimental apparatus used here. The experimental apparatus is shown in Figure 3.1. 
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The population from the ground state was excited to the A1Σu
+ ~ b3Πu intermediate 

manifold with a Titanium Sapphire CW ring laser, L1 as illustrated in Figure 4.1. Then 

this population is driven with a probe CW ring-dye laser, L2, to the region of interest 

followed by fluorescence decay to lower lying electronic states. Colored glass filters in 

front of a side mounted PMT made it possible to isolate emission corresponding to a 

transition to the triplet ground state, a3Σu
+. Observed fluorescence lines were separated 

based on rotational and vibrational spacings and assigned to different electronic states. 

The bound-free fluorescence was resolved for several transitions to determine the spin of 

the electronic state and to determine the vibrational quantum number of the triplet states 

[114]. The combined frequencies of the pump and probe lasers made it possible to 

explore electronic states of gerade symmetry in the energy range of 24 000 cm-1 to 26 000 

cm-1 above the ground state minimum as shown in Figure 4.1. 

The intermediate level was confirmed by excitation from two levels of the ground 

electronic state X 1Σg
+, gP  = v'', J'' = J' + 1  and gR  = v'', J'' = J' - 1  to a single level 

of the A1Σu
+ ~ b3Πu manifold, |i⟩ = n', J' . The label for the vibrational level of the 

intermediate, n', corresponds to the sequential vibrational number of the manifold of 

states, and not the vibrational quantum number of the level. Fluorescence of the A1Σu
+ ~ 

b3Πu ← X 1Σg
+ decay was detected with an FTIR interferometer after excitation along 

each of the P and R branches. Each spectrum contained the emission from the 

intermediate as well as from coincidental levels populated by the different pump laser 

frequencies. The coincidental peaks are due to the molecule’s energy spacing being so 

small that it is rare that a photon will be resonant with only one transition between the  
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Figure 4.1. Experimental Overview. Rubidium dimer excitation scheme illustrated 

by using ab initio potential energy curves [27] relevant to the experiment. Arrows with 

solid lines represent excitation while dashed lines represent possible decay pathways. The 

Rb+ + Rb- curve is drawn in dashed green [115].  
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 Figure 4.2. Resolved Vibrational Fluorescence from Intermediate State. Resolved 

laser induced fluorescence from the A1Σu
+ ~ b3Πu electronic state manifold to the ground 

electronic state X 1Σg
+ with the ground vibrational levels labeled. The blue solid line is the 

P-branch excitation, and the red dashed line is the R-branch excitation. The pump laser is 

on resonance with the v'' = 1 level, which explains the enhanced intensity due to the 

Rayleigh scattering to this initial level. Unlabeled lines, such as v'' = 3, were not observed 

in the spectra. 
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A1Σu
+ ~ b3Πu ← X 1Σg

+ electronic states of the rubidium dimer. A typical vibrational 

progression is shown in Figure 4.2, and the rotational peaks are shown resolved in Figure 

4.3 for one of the ro-vibronic transitions. 

The ro-vibrational term energies of the electronic ground state are calculated from 

empirical molecular constants [55] using the Dunham expansion as discussed in Chapter 

2. The energies of the ro-vibrational levels of the A1Σu
+ ~ b3Πu manifold were obtained 

from a coupled-channel de-perturbation analysis [58]. This analysis also provides the 

relative electronic state character for the various ro-vibronic levels. The energies from 

these sources were used to predict transition frequencies for the excitation and emission 

between the states, and these predicted frequencies were compared to the observed 

fluorescence spectral line frequencies in the spectrum collected via FTIR, which was 

calibrated with a uranium hollow cathode lamp [116]. The laser frequency for each 

transition was tuned to resonance to provide maximum fluorescence intensity for the 

observed P and R branch spectral lines. Transitions within Doppler profile can occur up 

to 0.03 cm-1 from the line center, but the maximum intensity occurs when the molecules 

with zero velocity component along the laser propagation axis are excited.  

The measured A1Σu
+ ~ b3Πu term energies were typically within 0.05 cm-1 of the 

predicted values. The vibrational spacing and intensity follows the regular pattern one 

would predict from decay of an anharmonic oscillator. The fluorescence intensity is 

determined by the Franck-Condon factors (FCF) that result from the overlap integral of 

the ro-vibronic wavefunctions with oscillatory nature. For higher vibrational quantum 

numbers, the decreasing intensity trend is due to the wavefunctions having multiple 



 

56 

 

 
 

10200 10202 10204 10206 10208 10210 10212 10214

Wavenumber (cm-1)

P
31

R
29

P
33 P
29

P
27

R
31 R

27

 

Figure 4.3. Resolved Rotational Fluorescence from Intermediate State. 

Rotationally resolved laser induced fluorescence from the A1Σu
+ ~ b3Πu electronic state 

manifold. The labels indicate which branch the lines belong to as well as the rotational 

quantum number of the ground electronic state in parentheses. Only J' = 30 of n' = 148 

was excited, so the presence of any lines but P31 and R29 are due to collisions driving the 

rotational population away from J' = 30. The blue line is the P branch laser excitation, 

and the red dashed line is the R branch laser excitation. 
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nodes, leading to a decreasing FCF. The oscillatory nature of the intensity is due to the 

wavefunction node location shifting with successive vibrational levels. This results in 

spectral lines not being observed such as decay to v'' = 8, 10, 32, 34, 41, 43, and 45 in 

Figure 4.2. Intensity patterns can be confirmed by performing a calculation of the FCF 

between the ground and intermediate electronic states. The FTIR instrument provides a 

sufficiently high resolution at 0.01 cm-1 to resolve spectral lines between the rotational 

branches of each vibrational level. Figure 4.3 shows the rotationally resolved 

fluorescence to the v'' = 31 level. The weak confirmed peaks nearby the pair of P and R 

lines are present due to collisions of the rubidium dimer molecule with the argon buffer 

gas which leads to rotational energy transfer in the intermediate level. Only a few of these 

rotational levels are observed here due to the difficulty of coupling of fluorescence to the 

optical fiber that transmits it from the laser overlap region to the FTIR. 

The Rb2 first excited state manifold is heavily perturbed. This is easy to anticipate 

as the spin-orbit splitting of the 5p atomic level of the rubidium atom is 237. 595 cm-1 

between the 2P1/2 and 2P3/2 doublet structure [117]. Thus, the A1Σu
+ ~ b3Πu states are 

significantly mixed [58] and the intermediate levels used in the double resonance 

experiment all have some triplet character despite being excited from the ground 

electronic state, X 1Σg
+, which is purely of singlet character. The singlet character arises as 

the ground triplet electronic state has odd parity for the center of symmetry, and we recall 

that perturbations occur only between electronic states with the same center of symmetry, 

see Table 2.1. Further, perturbations only occur between levels that are nearly 

degenerate; the triplet ground state minimum is approximately 3 000 cm-1 from the levels 
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we excite from in the ground singlet state. This singlet-triplet mixed population from the 

intermediate manifold is then excited to the region of interest by continuously scanning 

the probe CW ring dye laser. The laser dye used in this experiment was LDS-722 which 

was dissolved in methanol and ethylene glycol. The probe laser was used to 

simultaneously excite an iodine cell with its own side mounted PMT for calibration. The 

iodine dimer molecule has dense absorption and emission spectra above 12 000 cm-1 

which is used as a standard calibration source [118]. 

The probe scan is completed in two steps with the pump laser first set on the P-

branch, and a second time with the pump laser on resonance with the R-branch excitation 

to the intermediate. This is to eliminate coincidental OODR excitations and confirm 

excitations from the intermediate |i⟩. A probe laser scan is shown in Figure 4.4 with 

emission from the 61Σg
+ electronic state. Accidental excitations are visible in the R-branch 

probe scan due to this pump laser frequency coincidentally exciting a second level in the 

A1Σu
+ ~ b3Πu manifold. A lock-in amplifier (SRS 850 Stanford Research) is used to 

eliminate single laser excitation signals by modulating the pump laser beam with 

a mechanical chopper. The increased sensitivity makes it possible to detect the OODR 

signal from not only the main rotational branches, but also for other rotational levels, 

which are populated by collisional energy transfer while the molecule is in the 

intermediate level. The collisions drive the rotational population away from the excited J 

in even steps as the intermediate levels chosen from the A1Σu
+ ~ b3Πu manifold 

predominately have 1Σ+ character. The collisional energy transfer selection rules require 

that the symmetry parity is maintained. The symmetry/antisymmetry parity is determined 
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by inverting the coordinates of the molecule in the lab frame, and then inverting the 

coordinates of only the electrons in the molecular frame. The symmetry parity of the 1Σg
+ 

electronic states are symmetric (s) for even rotational levels and antisymmetric (a) for the 

odd rotational levels and the opposite is true for the 1Σu
+ electronic states [119]. For 

molecules with nuclear spin, this does not hold rigorously, but the effect is small as the 

likelihood of nuclear spin changing during collisions with atomic gas is low [120]. This 

requirement that the symmetry parity remain the same is valid for radiative transitions as 

well as any other transition. 

Emission from the excited states of the rubidium dimer is filtered through colored 

glass (Kopp 4303 and 4305) and input to a PMT (R928). The Rb2 molecule’s large spin-

orbit coupling leads to mixing of the singlet and triplet states in the energy range of 

interest. As a result, the triplet character of the singlet states makes it possible to observe 

fluorescence decay from the predominately singlet states to the ground triplet electronic 

state, a3Σu
+.  

The ro-vibronic bound state to bound state electronic transitions during the probe 

laser tuning exhibit vibrational progressions and rotational spacings that are distinct in the 

absence of perturbations. The primary problem of analyzing the vibrational progression is 

assigning the vibrational number as there is no selection rule for transitions between 

vibrational levels in different electronic states.  

The potential energy curves can be generated from a set of data and used 

subsequently for calculation of Franck- Condon overlap integrals (FCF). The strength of 

the transition is dependent on the wavefunction overlap as well as the electronic 
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Figure 4.4. Emission from an Excited Singlet Electronic State OODR. Excitation 

from the intermediate state A1Σu
+ ~ b3Πu ( n' = 97, J' = 30 ) and levels populated by 

collisions, to the 61Σg
+( v = 7, J = 18 – 46 ) electronic state using two pump laser 

transitions. The P branch, solid blue line, and R branch, dashed red line, overlap for 

confirmed OODR signals. 

  



 

61 

transition dipole moment matrix element. However, even if the transition dipole moment 

is unknown, the trend in the intensity of the observed transitions in general follow the 

pattern predicted by the FCF’s. If the electronic transition dipole moment’s internuclear 

distance dependence is known, the transition dipole matrix elements can be calculated to 

provide more accurate transition intensity predictions. 

The rotational energy level data is important for the conversion of the observed 

ro-vibrational data to Rydberg-Klein-Rees (RKR) potential energy functions. The 

rotational energy level spacing is dependent on the rotational constant, and to a lesser 

degree on the centrifugal distortion constant Dv, which is roughly a factor of 10-6 smaller 

than the rotational constant. The rotational constant, Bv, is tracked during the experiment 

by calculating the second combination difference from the energy difference between the 

R and P transition energies,  

  

 ∆2F( J ) = F ( J + 1 ) - F ( J - 1 ) = 4 Bv ( J + 1 2 ⁄ ).                                       (4.1) 

 

This approximation is valid so long as the centrifugal distortion component, -8 Dv ( J + 

1 2⁄  )3, in the second combination difference expression is small relative to the first term 

proportional to J + 1/2. The centrifugal distortion becomes relevant as the rotational 

quantum number grows near J = 100. This is proportional to Dv ( J + 1 2⁄  )3 where Dv is 

the centrifugal distortion constant on the order of 10-7 cm-1. The ro-vibrational data 

analysis using the Dunham expression may help show whether preliminary assignments 

were made in error as the difference between the prediction and experiment may be 
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significant. Care must be taken as discrepancies may also be due to perturbations between 

electronic states.  

The intermediate levels populated by collisions with buffer gas cause OODR 

peaks that appear in scans from both the P and R-branches but assigning the quantum 

numbers of the term energies for these collision-induced fluorescence lines is not trivial 

as it is not immediately clear what lines originated from which rotational levels. The 

relative placement of the peaks to the lower or higher energy with J' ascending or 

descending is dependent on the difference in energy spacings both in the intermediate and 

the excited states. Confirmation of the assignment of the excited level and the 

intermediate level is performed by comparing two OODR signals from the same upper 

state, which was populated by excitations through two different intermediate levels. For 

example, the J' = 70 intermediate rotational value was extensively used in this experiment 

for various vibrational levels. The J' = 72 level was populated by collisional energy 

transfer. To determine the energy of this intermediate level, E ( J' = 72 ), we would look 

at two excitation pathways to the same excited state. The upper rotational level J = 71 is 

excited along the branches P ( J' = 72 ) and R ( J' = 70 ). We know the energy of the 𝑅 

branch intermediate rotational level, E ( J' = 70 ), from the calibrated pump laser 

frequency and accurate calculations of the ground state energies [55]. Combining this 

information with the probe laser frequencies provides us with the energy of the excited 

state as E( J ) = E( J' ) + R ( J' ) = E ( J' + 2 ) + P ( J' + 2 ). A simple rearrangement here 

solves for E ( J' + 2 ). The intermediate term energy is then compared to the values from 

the coupled-channel de-perturbation analysis [58] for confirmation. The confirmed 
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intermediate rovibronic states were then used to determine the term energy of the J = 73 

rotational level along the R ( J' = 72 ) branch. Next, the term energy of the J = 73 level 

was used to determine the J' = 74 energy from the P ( J' = 74 ) branch, and this 

intermediate would enable us to determine the energy of the excited J = 73 rotational 

level. This process is continued for collisional lines with their frequencies above and 

below the main lines until all of the collisionally induced peaks have been exhausted. 

Then the process is repeated for every set of observed confirmed collisional lines.  

The data from the bound-bound measurement for each of the identified electronic 

states are shown in Figure 4.5. The horizontal axes go as J ( J + 1 ) and the vertical axes 

represents the term energy. Moving vertically from point to point represents a change in 

the vibrational number and moving up and to the right diagonally from a point on the 

vertical axis represents changing J within a vibrational level. The slope of each of the 

diagonal trends give the rotational constant for that vibrational level, Bv. The effect of the 

centrifugal distortion is small, as it is difficult to see the nonlinearity of these plots 

without drawing lines representing the rigid rotor model determined from the low J term 

energies. 

The resolved bound-free emission was collected for several of the ro-vibronic 

transitions to determine the predominant spin character of the upper electronic state as 

well as the vibrational numbering of the triplet states. The pump and probe lasers were 

held on resonance with an excited level while the monochromator (SPEX1404) scanned 

the wavelength range of the fluorescence to the electronic triplet ground state. This 

energy range is determined by the term energy of the emitting level and the potential 
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Figure 4.5. Observed Term Energies of the Singlet Electronic States. Calibrated 

term energies observed in this experiment from the various excited electronic states. 
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energy curve of the lower electronic state. The difference between these energies varies 

with internuclear distance causing the emission to be spectrally broad, typically tens of 

nanometers, which allowed us to open the slits of the monochromator to the full 3 mm 

width. The resolution at this slit width can be determined from the dispersion of the 

instrument provided by the manufacturer of 0.275 nm/mm at 514.5 nm which produces a 

resolution of approximately 0.825 nm at 514.5 nm. The key benefit of opening the slits is 

an increase in the detected fluorescence since the total emission from OODR is very 

weak compared to laser induced fluorescence from a single transition. The primary 

information derived from the bound-free emission spectra of the triplet states were the 

locations and number of the minima. The spectra from the singlet electronic states had 

low intensities and their structures were dominated by the nearby triplet states. This 

results in a spectrum which is broad, but does not show the node pattern exhibited by the 

triplet electronic states. A typical bound-free spectrum for each of the singlet states is 

shown in Figure 4.6. 

4.3 Analysis 

The confirmed intermediate term energies were in good agreement with the 

values determined in the coupled-channel calculation [58]. Of the 245 confirmed 

intermediate term values, only 17 were previously used in the coupled-channel 

calculation. The difference between these sets of term values were within 0.017 cm-1 for 

14 levels, while three with differed by 0.2 cm-1. The measured term energies in the 

current experiment differed from the calculated term energy by 0.03 cm-1 for these  
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Figure 4.6. Bound-Free Emission from Singlet Electronic States. Resolved bound-

free emission from the 61Σg
+ (2,71) and 31Πg (13,70) to the triplet ground state. 
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intermediate levels. This indicates that there was a possible error with the previous data 

set such as miscalibration or typographical error. 

The OODR data produced well over 2 400 term energies in the excited state 

regions. The 61Σg
+ and 31Πg electronic states were assigned 787 and 323 data points for 

their rovibrational levels, and the remaining data points were assigned to either the triplet 

states of Chapter 5 or left unassigned. The data was used to generate a set of model 

potential energy curves by fitting the term energies to the Dunham expansion parameters 

and following the Rydberg-Klein-Rees (RKR) procedure.  

The Dunham expansion models [121] a vibrating rotator with a double power 

series expression as discussed in Chapter 2. The form of the expansion used in the fitting 

is  

  

Tv, J = Yk, l( v + 1  2 ⁄ )k[ J( J + 1 )]l

k, l

                                                             (4.2) 

 

where 𝑌 ,  are the fitted Dunham parameters. Calibrated term energies of our observed 

levels are used as input in a least-squares fitting program. In a perturbation free region of 

the potential, we might anticipate that the experimental energies fit the Dunham 

expansion to within hundredths of a wavenumber; with perturbations, it is not surprising 

to see discrepancies of a few wavenumbers. Model potential energy curves are generated 

with RKR1 [122] with the Dunham parameters using the RKR method described in 

Chapter 2.  
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 An iterative approach was taken to generate the Dunham and RKR curves 

whereby an initial fit was performed for an electronic state with all available data for the 

Dunham parameters, and the number of parameters was adjusted until the standard error 

of the parameters began to grow large relative to the value of the parameter. These 

parameters were then used to generate a potential energy curve in Le Roy’s RKR1 

program [122], and this potential energy curve was used in the numerical integration of 

the radial Schrödinger equation with the program LEVEL [123] to generate term values 

which were compared with the observed values. The eigenfunctions are solved by using 

the Numerov method [124]; in this procedure, the radial Schrödinger equation is solved 

by first Taylor expanding the eigenfunction u(R + ε ) about R and differentiating twice. 

This method results in eigenfunctions given in steps of ε. If the values of the u(R - ε ) 

and u(R) are known, then the value of u(R + ε ) is determined. The eigenfunction is 

rejected if the value or slope of the vibrational inner and outer turning point related 

eigenfunctions do not match as they approach the same internuclear separation. The 

energy of the level is shifted slightly, and the eigenfunctions are generated from the 

turning points again. The eigenfunction is accepted if it smoothly joins from the inner 

turning point side to the outer turning point side.  

 These term energies were then compared to the empirical data. Data that did not 

agree with the determined values to within a wavenumber were checked to make sure 

there was no typographical, misassignment, or miscalibration related error. After 

verification, these levels were assumed to be perturbed, and the Dunham and RKR 

fittings were performed again without these perturbed energy levels. This process was 
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continued with the accepted empirical error decreasing on each round of fitting until the 

maximum empirical error was below 0.2 cm-1.  

The Dunham parameters produced by for each state are shown in Table 4.1, and 

the molecular constants, Te, ω0, and B0, determined from the fittings are compared with 

ab initio predictions in Table 4.2. The RKR potential energy curve turning points 

determined from the Dunham Gv and Bv values are in Tables 4.3 and 4.4.  

The RKR potential curves for the singlet electronic states are presented in Figure 

4.7. The turning points follows the ab initio curves except near 6 Å for the 61Σg
+ 

electronic state. The RKR potential continues up in potential where the ab initio predicts 

a barrier. The residuals of the fittings are shown in Figures 4.8 and 4.9. The large 

discrepancies are not entirely surprising due to the large clustering of electronic states in 

this region. 

4.4 Conclusions 

The intermediate term energies found in this experiment only slightly overlapped 

with previously measured values. The coupled-channel de-perturbation of the  

A1Σu
+ ~ b3Πu manifold used 1 413 term values of 85Rb2 with 829 of these being unique ro-

vibrational levels [58]. The addition of the current data set would expand these to 1 658 

and 1 057 data points, respectively. This is perhaps not enough data to justify performing 

the coupled-channel de-perturbation calculation again, but it may provide useful 

additional data for future de-perturbation calculations. Two electronic states with singlet 

spin structure were identified with our continuous scanning technique in this experiment.  
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The states were determined to be the 61Σg
+ and 31Πg electronic states by 

comparing the fitted spectroscopic constants and potential energy curve to the ab initio 

predictions [26, 27] and the spin characteristic was determined from the resolved bound-

free fluorescence structure. The RKR curves determined from the fitting are shown in 

Figure 4.7. The RKR potential energy curves agree well with the ab initio potential 

energy curves and reproduce the measured term values adequately. Future work to 

improve these curves requires data from the perturbed ro-vibrational levels of these 

singlet electronic states as well as the triplet states of Chapter 5 and other unidentified 

potential energy surfaces. A full de-perturbation of these states requires knowledge of all 

states involved. 

 

Table 4.1. Calculated Dunham Coefficients of the Singlet Electronic States. 
 
k, l Yk,l for 61Σg

+ (cm-1) Yk,l for 31Πg (cm-1) 

Te + Y00  24 577. 064 (86) 24 786. 36 (42) 

Y10  44. 698 (57) 41. 438 (113) 

Y20  3. 834 (13) × 10-1 -8. 613 (959) × 10-2 

Y30  -5. 095 (137) × 10-2 1. 377 (247) × 10-3 

Y40  2. 301 (63) × 10-3  

Y50  -3. 683 (106) × 10-5  

Y01  1. 783 5 (14) × 10-2 1. 691 (87) × 10-2 

Y11  -6. 182 (92) × 10-5 -6. 08 (40) × 10-4 

Y02  -5. 711 × 10-8 -7. 325 × 10-8 

   
 
 
 
 
 



 

71 

Table 4.2. Comparison of the Experimental Molecular Constants of the 61Σg
+ and  

31Πg States with ab initio Predictions. 
 
Constant  61Σg

+ (cm-1) 31Πg (cm-1) Reference 

Te  24 577. 06 24 786. 36 This work 
 24 587. 7 24 779. 3 [27] 
 24 594 24 291 [26] 
    
ωe  44. 698 41. 145 This work 
 46. 3 41. 5 [27] 
 46. 6 43. 3 [26] 
    
Be  0. 017 835 0. 016 91 This work 
 0. 018 00 0. 016 95 [27] 
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Table 4.3. RKR Potential of the 61Σg
+ State. 

 
v Rmin (Å) Rmax (Å) Gv + Y00 (cm-1) 

-0. 500 1 4. 727 494  0  
0 4. 644 765 4. 812 059 22. 716  

1 4. 626 924 4. 831 735 68. 399  

2 4. 599 055 4. 863 270 114. 249  

3 4. 512 093 4. 968 530 160. 1067  

4 4. 455 156 5. 043 763 205. 8501  

5 4. 410 377 5. 106 889 251. 3944  

6 4. 372 566 5. 163 135 296. 6852  

7 4. 339 383 5. 214 861 341. 6946  

8 4. 309 561 5. 263 344 386. 4168  

9 4. 282 342 5. 309 339 430. 8636  

10 4. 257 245 5. 353 319 475. 0602  

11 4. 233 946 5. 395 589 519. 0404  

12 4. 212 223 5. 436 353 562. 8427  

13 4. 191 911 5. 475 754 606. 5053  

14 4. 172 880 5. 513 900 650. 0621  

15 4. 155 020 5. 550 887 693. 5382  

16 4. 138 225 5. 586 810 736. 9454  

17 4. 122 388 5. 621 777 780. 2776  

18 4. 107 392 5. 655 919 823. 5068  

19 4. 093 108 5. 689 394 866. 5784  

20 4. 079 384 5. 722 401 909. 4069  

21 4. 039 727 5. 821 275 951. 8714  

22 4. 026 234 5. 855 384 993. 8111  

23 4. 012 109 5. 890 880 1035. 021  

24 3. 996 957 5. 928 431 1 075. 247  

25 3. 980 289 5. 968 900 1 114. 184  

26 3. 961 473 6. 013 429 1 151. 467  

27 3. 939 658 6. 063 597 1 186. 669  
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Table 4.4. RKR Potential of the 31Πg State. 
 
v Rmin (Å) Rmax (Å) Gv + Y00 (cm-1) 

-0. 500 1 4. 845 282  0  
0 4. 710 743 4. 987 809  20. 703   
1 4. 618 924 5. 099 653  61. 982   
2 4. 558 464 5. 180 219  103. 083   
3 4. 510 895  5. 247 982  143. 996   
4 4. 470 849  5. 308 313  184. 712   
5 4. 435 870  5. 363 675  225. 221   
6 4. 404 588  5. 415 443  265. 514   
7 4. 376 147  5. 464 479  305. 582   
8 4. 349 969  5. 511 367  345. 416   
9 4. 325 641  5. 556 525  385. 005   
10 4. 302 856  5. 600 266  424. 341   
11 4. 281 379  5. 642 834  463. 414   
12 4. 261 022  5. 684 420  502. 215   
13 4. 241 637  5. 725 182  540. 735   
14 4. 223 098  5. 765 252  578. 964   
15 4. 205 304  5. 804 738  616. 892   
16 4. 188 165  5. 843 739  654. 511   
17 4. 171 607  5. 882 335  691. 811   
18 4. 155 566  5. 920 602  728. 782  
19 4. 139 982  5. 958 606  765. 416  
20 4. 124 806  5. 996 407  801. 703  
21 4. 109 992  6. 034 059  837. 633  
22 4. 095 498  6. 071 616  873. 198   
23 4. 081 289  6. 109 123  908. 387  
24 4. 067 329  6. 146 628  943. 191  
25 4. 053 587  6. 184 173  977. 602  
26 4. 040 034  6. 221 801  1 011. 609  

 27 4. 026 641  6. 259 554 1 045. 204  
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Figure 4.7. RKR Results with ab initio Curves. The ab initio potential energy 

curves [27] (lines) and calculated turning points from the RKR fitting for the 61Σg
+ (open 

circles) and 31Πg (triangles) electronic states.  
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 Figure 4.8. Dunham Expansion Fit Residuals of the Observed 61Σg
+ State Ro-

vibrational Term Values. 

 
 

 

 



 

76 

 

 

 

 

25000 25200 25400 25600
-8

-6

-4

-2

0

2

dT
v,

 J
 , 

(c
m

-1
)

Tv, J , (cm-1)

31Pg

 

Figure 4.9. Dunham Expansion Fit Residuals of the Observed 31Πg State Ro-

vibrational Term Values. 
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CHAPTER 5 

THE 33Πg AND 43Σg
+ STATES  

This chapter reports results of the study of the 33Πg and 43Σg
+ electronic states of 

the rubidium dimer. Ro-vibrational term energies were collected and analyzed to generate 

Dunham coefficients and RKR potential energy curves, and bound-free spectra were 

acquired to determine the vibrational numbering of these triplet electronic states. The 

results of this work has been published [1]. 

5.1 Introduction  

Interatomic potentials of alkali dimers are of fundamental importance for the 

understanding and description, among others, of the formation of ultra-cold ground state 

molecules, Bose–Einstein and Fermi condensates, and ultra-cold atom-molecules 

collisions [2-9]. Among the homonuclear alkali metal dimers, the lighter Li2 [10-24] and 

Na2 [21, 25-34] molecules have been studied in most detail. A number of studies have 

also been devoted to the heavier K2 dimer [35-45]. The electronic structures of the 

heaviest homonuclear alkali dimers Rb2 [46-58] and Cs2 [59-66] are less well known due 

to experimental difficulties associated with the relatively large densities of states as well 

as the presence of strong perturbations and character mixing arising from effects such as 

the spin-orbit interaction. There are a number of ab initio studies of the Rb2 dimer [67-

77] and even though the accuracy of such calculations has improved significantly, they 

are not yet suitable for direct use in experiments that rely on the precise knowledge of the 
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energy levels and transitions. Thus, experimental results on the electronic structure of the 

Rb2 molecule are still highly desirable. So far the Rb2 electronic states that are well 

described experimentally include the singlet, X 1Σg
+ [49, 50] and triplet a3Σu

+ [52], ground 

states as well as the excited states arising from the (5s + 5p) exited atomic limit such as 

the A1Σu
+ ~ b3Πu [49, 51, 54] and the B1Πu [48] states. In contrast, there is only limited 

experimental data for the electronic states of Rb2 molecule arising from higher atomic 

limits. Recently we have reported experimental observations of the 31Πg and 61Σg
+ singlet 

electronic states [78, 79]. We extend here our spectroscopic studies to the 33Πg and 43Σg
+ 

triplet states in the same energy range of 24 000 – 26 000 cm-1. 

5.2 Experiment 

Counter-propagating laser beams were used in a cascade pump-probe 

configuration to study the 24 000 – 26 000 cm-1 energy region as illustrated in Figure 4.1. 

The experimental apparatus was discussed in Chapter 3 and illustrated in Figure 3.1. The 

pump laser excited the molecules from thermally populated ro-vibrational levels of the 

ground X 1Σg
+ electronic state to an intermediate level from the A1Σu

+ ~ b3Πu manifold of 

states. The A1Σu
+ and b3Πu states strongly perturb each other due to their substantial spin-

orbit coupling based separation of 237. 595 cm-1 of the 5p atomic level 2P1/2 and 2P3/2 

doublet structure [80]. Thus, the ro-vibrational levels of the A1Σu
+ ~ b3Πu manifold have a 

mixture of singlet and triplet multiplicity. This made it possible to access the triplet 

exited states of the rubidium molecule using the PFOODR (perturbation facilitated 

OODR) technique [14, 26, 81] starting from the X 1Σg
+ ground state levels which have 
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pure singlet character. All intermediate levels of from the A1Σu
+ ~ b3Πu manifold used in 

the experiment belong nominally to the A1Σu
+ state singlet spin multiplicity character as 

the dominant component with substantial admixture exclusively from the b3Π0u 

component.  

Resolved Laser Induced Fluorescence (LIF) spectra from the intermediate levels 

to the ground X 1Σg
+ state were recorded with a Fourier Transform Infrared (FTIR) 

spectrometer (Bomem DA8) at a resolution of 0.01 cm-1 and calibrated with a uranium 

hollow cathode lamp [82, 83]. Excitation of a specific intermediate level was confirmed 

by observing matching PR progressions in the resolved fluorescence spectra of the P ( ΔJ 

= -1) and R ( ΔJ = +1) branch A1Σu
+ ← X 1Σg

+ pump laser transitions. An example of such 

spectra is given in Figure 5.1 for the A1Σu
+ ~ b3Πu( n' = 148, J' = 30 ) intermediate level. 

In addition, the observed LIF resonances were matched with transition frequency 

predictions from the term values of the X 1Σg
+ [50] and A1Σu

+ ~ b3Πu [51] states. The label 

n', which is not a quantum number [51], denotes the coupled-channel vibrational 

eigenstates by increasing energy of the A1Σu
+ and b3Πu mixed electronic states.  

We follow the standard notation for the angular momenta and their projections on 

the internuclear axis [84] as discussed in Chapter 2. The projections of the total electron 

spin S⃗ and the electronic orbital angular momentum L⃗ along the internuclear axis are 

denoted by Σ and Λ, respectively. The nuclear rotational angular momentum R⃗ then 

couples to form the total angular momentum excluding nuclear spin J ⃗= R⃗ + S⃗ + L⃗ with 

projection Ω = Σ + Λ, and N⃗ = R⃗ + L⃗ with projection Λ for Hund’s case (a) and (b),  
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Figure 5.1. Resolved LIF Spectra from the A1Σu
+ ~ b3Πu( n' = 148, J' = 30 ) 

Intermediate Level. These are used to confirm the pump laser P and R branch resonances 

and are recorded with the BOMEM DA8 FTIR spectrometer. In the main panel and the 

inset, the fluorescence from the A1Σu
+ ~ b3Πu( n' = 148, J' = 30 ) ← X 1Σg

+ (v'' = 1, 

J'' = 31) and A1Σu
+ ~ b3Πu( n' = 148, J' = 30 ) ← X 1Σg

+( v'' = 1, J'' = 29 ) pump 

excitations are indicated with solid blue and dashed red lines, respectively. 
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respectively. 

The resonance transitions to the 33Πg and 43Σg
+ states were observed by detecting 

LIF to the triplet, a3Σu
+, ground state in the 480  520 nm range using a photomultiplier 

tube (PMT, R928P Hamamatsu Photonics) with Kopp Glass 4303 and 4305 to suppress 

the amount of laser scatter and fluorescence outside of the wavelength range of interest. 

The current output of the PMT was amplified with a lock-in amplifier (SR 850 Stanford 

Research) while the pump laser beam was repetitively switched on and off at 1 kHz 

frequency using rotating chopper (SR540 Stanford Research). The probe laser was 

scanned continuously in the energy range of 13 300 – 14 000 cm-1. Its frequency was 

calibrated using the iodine atlas [85, 86], while the amplified output of the PMT detector 

was recorded as function of the laser frequency. The iodine signal was amplified using a 

lock-in amplifier (SR 850) in the same fashion as the LIF signal. A large number of 

resonance transitions were observed with many of them accidental in each probe laser 

scan due to the high density of ro-vibrational levels of the rubidium molecule. In order to 

distinguish the target probe laser resonances originating from the specific target A1Σu
+ ~ 

b3Πu( n', J' ) intermediate level from all other resonances, each probe laser scan was 

recorded twice with the pump laser at A1Σu
+ ~ b3Πu( n', J' ) ← X 1Σg

+( v'', J' + 1 ) and 

A1Σu
+ ~ b3Πu( n', J' ) ← X 1Σg

+( v'', J' - 1 ) transitions, respectively. Only the probe laser 

resonances observed at the same frequency with similar intensity, and line shape for both 

pump branches, were considered as having originated from the A1Σu
+ ~ b3Πu( n', J' ) 

intermediate level.  
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In the probe laser scans, vibrational progressions of two electronic states were 

observed with corresponding P and R rotational branches. Excitations to singlet as well as 

triplet states are possible from the mixed A1Σu
+ ~ b3Πu intermediate levels. To determine 

the electron spin multiplicity of the excited states, bound-free fluorescence [87] from 

selected ro-vibrational levels to the repulsive part of the a3Σu
+ state potential was recorded 

at resolution of ~ 0.75 nm using a SPEX 1404 grating spectrometer with fully open (3 

mm width) slits. The pump and probe laser were held on resonance while spectra were 

recorded by scanning the spectrometer. An example spectrum that illustrates the structure 

and the origin of the observed bound-free fluorescence is given in Figure 2.4. Well-

developed oscillatory fluorescence features [87, 88] were observed in the recorded 

spectra of the 33Πg and 43Σg
+ states, as shown in Figure 5.2. This is a clear indication of a 

triplet spin multiplicity of the excited state. In contrast, this is not the case for singlet 

states, as shown in Figure 4.6, as the transitions to the a3Σu
+ state are not directly allowed 

and instead the bound-free fluorescence arises due to coupling as well as collisional 

transfer with nearby excited triplet states. The observed bound-free spectra made it 

possible to assign the vibrational quantum numbers for the observed excited state levels 

by counting the nodes [87] present in each resolved fluorescence spectrum. The low 

resolution caused an increased apparent background at the minima as some light from the 

region near the minima was always leaking through to the PMT.  

Using ab initio calculation based predictions [77] in conjunction with the 

electronic and rotational transition selection rules for diatomic molecules [89] as applied 

to the triplet b3Π0u component of the mixed intermediate levels, the two observed states  
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Figure 5.2. Resolved Bound-Free Emission for the Triplet Electronic States. The 

bound-free spectra for the first eleven vibrational levels of the 33Πg (left) and the 43Σg
+ 

(right) electronic states are shown. The remaining observed vibrational levels are 

included in the supplemental materials of our published paper [1]. The number of 

countable nodes is indicated on the right side of each spectrum. The bound-free spectrum 

for the fifth vibrational level, v = 4, of the 33Πg state shows the onset of the vanishing 

node. 
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were identified as the 33Πg and 43Σg
+ electronic states. The 3Π states of Rb2 are 

represented by Hund’s angular momentum coupling case (a) [90]. According to the 

ΔΣ = 0 selection rule, the probe laser transitions to the 33Πg state must be to the Ω = 0 

component as ΔΩ = ΔΣ + ΔΛ = 0 in the 33Π0g ← A1Σu
+~ b3Π0u electronic state transition. 

This is further corroborated by the absence of weak Q branch transitions in our spectra. In 

Hund’s case (a), 3Π0← 3Π0 transitions have only P and R branches, while 3Π1← 3Π1 and 

3Π2← 3Π2 transitions exhibit a weak Q branch as well as the strong P and R-branches 

[89].  

In addition to the direct probe laser resonance transitions, a number of collisional 

satellite transitions were also observed as illustrated in Figure 5.3 similar to previous 

experiments in heat-pipe ovens [91-93]. Such transitions occur because of inelastic J 

changing collisions between Rb2 molecules and argon or rubidium atoms present in the 

heat-pipe oven. Such a spectrum of collisionally induced satellite lines is a result of an 

ensemble average of binary collisions with a statistical distribution of parameters such as 

the relative collision velocity and initial orientation of the colliding partners. Thus, the 

transition probability between collisionally populated energy levels with other atoms or 

molecules lack the rigor of radiative transitions. Nevertheless, propensities for such 

transitions can often be obtained by considering the symmetry of the initial and states. In 

the discussion below we derive the propensity rule for the J-changing collisions observed 

in our experiment by following the general analysis of Bernath and Herzberg [84, 89].  

The 85Rb nuclei are fermions with nuclear spin of 5/2. Therefore, the total 

molecular wave function ψtotal of the 85Rb2 molecule must be antisymmetric under the  
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Figure 5.3. Probe Laser Excitation Spectrum of the 43Σg
+( v = 11 ) Vibrational 

Level. The A1Σu
+ ~ b3Πu( n' = 106, J' = 70 ) intermediate level was used for the pump 

transitions. In addition to the main (parent) P70 and R70 lines, satellite lines due to 

collision-induced  J even rotational energy transfer (RET) in the intermediate level are 

observed. The solid (blue) and dashed (red) trace correspond to pump laser resonant with 

the P71 and R69 excitations to the A1Σu
+ ~ b3Πu( n' = 106, J' = 70 ) intermediate level from 

the X 1Σg
+( v'' = 0 ) ground state vibrational level, respectively. A pair of lines are labeled 

“Accidental” as they do not have a corresponding set of excitations in the R69 branch. The 

similar intensity and lineshape suggest this is a PR pair from an unknown intermediate 

level which was excited coincidentally. 
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action of the exchange operator of the nuclei P12, i.e., P12ψtotal = - ψtotal due to the Pauli 

exclusion principle. In most cases it is possible write ψtotal = ψ ψns, where ψns is the 

nuclear spin component of the total wavefunction and ψ contains all other components 

including electron spin, orbital, vibration, and rotation components. The possible values 

of the total nuclear spin, I, for the 85Rb2 molecule are 5, 4, 3, 2, 1, and 0. The ortho 

nuclear spin configurations (I = 5, 3, 1 and statistical weight g = 21) have symmetric ψns 

function, while the para nuclear spin configurations (I = 4, 2, 0 and statistical weight g = 

15) have antisymmetric ψns. When we consider P12 acting only on ψ we have P12 ψ = ±ψ, 

where the symmetric + states are labeled as s and the antisymmetric – states are labeled 

as a. The symmetry of the rotational levels of the intermediate A1Σu
+ state used in the 

experiment alternate with J. Therefore, even J levels have a symmetry and odd J levels s 

symmetry [84]. For the wavefunction ψtotal to be antisymmetric, the rotational levels of 

the A1Σu
+ state with a symmetry (even J) must be associated with ortho nuclear spin 

states. Conversely the s symmetry rotational levels (odd J levels) must be associated with 

para nuclear spin configurations. Selection rules stipulate that the total symmetry (parity) 

of the molecule must be rigorously conserved during transitions, including transitions 

arising from collisions. Collisions that change the nuclear spin symmetry are rare [89, 94] 

indicating that the symmetry of ψ is preserved during most collisions. Therefore, during 

collisions a propensity for symmetric-symmetric (s ↔ s) and antisymmetric-

antisymmetric (a ↔ a) transfer exists while collisional energy transfer between 

symmetric and antisymmetric states (s ↮ a) are strongly suppressed (see page 131 of 

[89]). Based on this, only even J changing collisional satellite lines, Δ J = ±2, ±4, …, will 
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be observed in the experiment. The collisional lines enhance the number of rotational 

energy levels observed for each observed vibrational level of the two electronic states. 

The steps used for assigning the rotational quantum numbers are discussed in detail in the 

previous sections of this Thesis and our published paper [79].  

5.3 Analysis 

The 33Πg and 43Σg
+ states of the Rb2 molecule are located in an energy region 

with high density of electronic states, shown in Figure 2.2, as predicted by ab initio 

calculations [76, 77]. The mixing between the electronic states of gerade symmetry 31Πg, 

51Σg
+, 61Σg

+, 33Πg and 43Σg
+ in this range cause perturbations of their ro-vibrational levels. 

In addition, ab initio predictions indicate particularly strong interactions between these 

states around 26 000 cm-1 resulting in unusual features such as avoided crossings and 

secondary minima present in their adiabatic potential energy curves. Nevertheless, in our 

experiments we were able to discern two triplet state vibrational progressions, which we 

have assigned to the 33Πg and 43Σg
+ electronic states. Figure 5.4 illustrates the ro-

vibrational energy data observed in the 33Πg and 43Σg
+ states. The rotational quantum 

numbers in the plots, J for the 33Πg state (Hund’s case (a)) and N for the 43Σg
+ state 

(Hund’s case (b)), were derived from the rotational quantum number of the intermediate 

level A1Σu
+ ~ b3Πu( n', J' ) for the P and R probe laser excitation branches as 

J (or N) = J' - 1 and J (or N) = J' + 1, respectively. The term energy of each of the 

observed levels along with details of the excitation pathways used to access them are 

given in the supplementary materials of our published paper [1].  
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Figure 5.4. The Observed Ro-vibrational Levels of the Triplet Electronic States. 

The 33Πg and the 43Σg
+ electronic states’ observed energy levels are shown in red 

triangles and open black circles, respectively. For the 33Πg state, 400 ro-vibrational 

levels, spanning the range of the vibrational quantum number v = 0 through 27 and the 

rotational quantum number J = 0 through 79. A total of 506 ro-vibrational levels in a 

similar range of vibrational and rotational quantum numbers were observed for the 43Σg
+ 

state. 
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The vibrational quantum number is typically very difficult to obtain in this type of 

spectroscopic study due to the lack of selection rules for vibrational transitions. 

Nevertheless, in this case we were able to assign the vibrational quantum numbers of the 

observed levels from the experimentally measured bound-free spectra presented in Figure 

5.2. We observe unusual behavior in the bound-free spectra between v = 3 to v = 4 for the 

33Πg state with one of the nodes vanishing and the node count for the vibrational levels 

with v ≥ 4 is v - 1. Similarly, a node vanishes in the bound-free spectra of the 43Σg
+ state 

going from v = 16 and v = 17. There are several possible causes for such puzzling 

behavior, but none of them appear to give a satisfactory explanation. For example, if a 

potential energy shelf or a second minimum develops in the potential curve, it will 

strongly affect the bound-free spectrum due to an onset of sampling the internuclear 

distance R in a larger range of the upper state ro-vibrational wavefunction. We believe 

this is not likely in our case since the observed vibrational spacing is not consistent with a 

shelf or second minimum internuclear distance region. Moreover, these features are not 

present in the corresponding energy range of either the ab initio curves [77] or the 

experimental potential curves derived in this work. Another possible cause is a rapid 

decrease in the electronic transition dipole moment function between the upper electronic 

states and the a3Σu
+ state in a relatively narrow internuclear separation range, R, near the 

equilibrium separation, Re, where the large momentum of the molecules results in closely 

spaced nodes. Then, the combination of low amplitude and close spacing of nodes can 

lead to unresolved nodes in the observed bound-free spectra. Unfortunately, we cannot 

further explore this possibility since the transition dipole moment functions of the 33Πg 



 

98 

and 43Σg
+ states with the a3Σu

+ state are not known. In addition, no obvious low intensity 

range in the bound-free spectra is observed. A third alternative is an interference effect 

due to borrowed oscillator strength from another triplet state undergoing an allowed 

transition to the a3Σu
+ state. The drawback of this hypothesis is that we have not observed 

additional triplet states in our experiments. 

Following the assignments of the vibrational and rotational quantum numbers of 

the observed term values, the observed data for the 33Πg and 43Σg
+ states was fitted by a 

least squares method with the Dunham expansion [95] equations,  

 

Tv, J = Yk, l( v + 1  2 ⁄ )k  J ( J + 1 ) - Ω2 + S ( S + 1 ) - Σ2 
l

k, l

                        (5.1) 

and 

Tv, J = Yk, l( v + 1  2 ⁄ )k  N( N + 1 ) - Λ2 
l
,

k, l

                                                  (5.2) 

 

for Hund’s case (a) and (b) [89], respectively. A series of fits in which a balance between 

improvements in the fits and the statistical significance of newly added constants was 

carried out to determine the optimum set of coefficients for each state. Considering that 

all the experimental results were acquired under the same conditions, equal weights were 

used for all data points in the fitting process. The final results of the fitting process for 

both states are presented in Table 5.1 and compared with ab initio values in Table 5.2. 

Once the Dunham coefficients were determined, the potential energy curves of the states 

were generated by utilizing the first-order semiclassical Rydberg-Klein-Rees (RKR) 
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method [96-99]. The results for the turning points R- and R+ of the potentials together 

with the Gv + Y0,0 = ∑ Yk,0( v + 1 2⁄ )k
k  values (i.e., the values of the potential energy 

functions relative their minima) are tabulated in Tables 5.3 and 5.4 for the 33Πg and 43Σg
+ 

states. These tables include the effective vibrational quantum numbers at the bottom of 

the potential energy functions, v = - 0.5001, for the 33Πg and 43Σg
+ states. The difference 

from -1/2 indicates that the Kaiser correction [100, 101] was embedded into the RKR 

algorithm. The RKR and ab initio potential energy functions [77] for both states are 

plotted in Figure 5.5. 

 

Table 5.1. Dunham Coefficients of the 33Πg and 43Σg
+ Electronic States of Rb2. 

k, l Yk,l for 33Πg (cm-1) Yk,l for 43Σg
+ (cm-1) 

Te + Y00  24 268. 409 (138) 24 294. 789 (349) 

Y10  44. 215 1 (561) 47. 671 2 (262 8) 

Y20  -1. 645 1 (742) × 10-1 -1. 041 88 (69 54) 

Y30  1. 033 6 (380) × 10-2 1. 307 15 (84 89) × 10-1 

Y40  -3. 002 5 (655) × 10-4 -9. 421 03 (521 95) × 10-3 

Y50   3. 169 96 (15 69) × 10-4 

Y60   -3. 935 47 (183 10) × 10-6 

Y01  1. 676 7 (62) × 10-2 1. 733 5 (59) × 10-2 

Y11  -8. 79 (138) × 10-5 -1. 101 (90) × 10-4 

Y21  8. 17 (144) × 10-6 2. 50 (37) × 10-6 

Y31  -2. 730 (445) × 10-7  

Y02  1. 79 (88) × 10-8 -9. 6 (71) × 10-9 
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Our experimental values for the molecular constants, Te, ωe, and Be, are generally 

in line with the ab initio predictions as illustrated in Table 5.2. Nevertheless, it should be 

noted that the experimental Be values are consistently smaller than the ab initio 

predictions. This is reflected in Figure 5.5 where the experimental potentials are shifted 

to larger internuclear distance relative to the theoretical potential energy curves [77]. We 

note that at the equilibrium internuclear distance of a molecular potential, Re, and Be are 

related according to the following equation [84] 

 

Be = 
h × 10-2

8 π2 μ c
 × 

1

Re
2                                                                                              (5.3) 

 

where Be is given in wavenumber (cm-1) units while all physical constants are in SI units. 

The reduced mass of the 85Rb2 molecule is  = m(85Rb) / 2 = 7. 049 979 722 ×10-26 kg 

(42. 455 896 amu) [102].  

The systematic discrepancy in R illustrated in Figure 5.5 is possibly an indication 

of incompletely or incorrectly accounted couplings in the ab initio calculations. This is 

further corroborated by the discrepancy between the ab initio and RKR curves for the 

33Πg state above 25 300 cm-1. The theoretical calculations for the 33Πg predict a barrier 

and a secondary well. In contrast, our RKR curve in this range appears to suggest a 

simple broadening of the potential or the existence of a shelf. The presence of 

perturbations in the observed term values is evident in the Dunham fit residuals plotted in 

Figures 5.6 and 5.7 for the 33Πg and 43Σg
+ states, respectively. Indicative of this are the 
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clearly observed rotational dependences of the residuals of some of the vibrational levels. 

This is expected for highly excited electronic states of Rb2 due to the high density of 

states and the presence of various allowed nonadiabatic couplings. For both states, the 

perturbations are larger above 25 300 cm−1. Similar large perturbations have been 

observed previously in the same energy region for the 31Πg and 61Σg
+ states [78, 79]. 

Thus, it can be concluded that in this energy range the 31Πg, 61Σg
+, 33Πg and 43Σg

+ states 

strongly perturb each other. The current lack of characterization of the interactions that 

cause these perturbations prevents the use of coupled-channel methods [51, 65, 66, 103, 

104] for global simultaneous analysis of the perturbing states. 

 

Table 5.2. Comparison of the Experimental Molecular Constants of the 33Πg and 43Σg
+ 

States with ab initio Predictions. 
 
Constant 33Πg (cm-1) 43Σg

+ (cm-1) Reference 

Te  24 268. 404 24 294. 983 This work 
 24 276. 5 24 323. 7 [77] 
 24 232 24 313 [76] 
    
ωe  44. 215 1 47. 671 2 This work 
 45. 6 46. 3 [77] 
 45. 4 46. 7 [76] 
    
Be  0. 016 767 0. 017 335 This work 
 0. 017 50 0. 018 00 [77] 
 0. 017 20 0. 017 70 [76] 
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Table 5.3. RKR Potential of the 33Πg State. 

v Rmin (Å) Rmax (Å) Gv + Y00 (cm-1) 

-0. 500 1 4. 866 349  0 
0 4. 738 071 5. 006 532 22. 072  

1 4. 650 265 5. 116 445 65. 990  

2 4. 591 769 5. 194 927 109. 664  

3 4. 544 887 5. 259 856 153. 140  

4 4. 504 562 5. 316 479 196. 460  

5 4. 468 538 5. 367 252 239. 656  

6 4. 435 601 5. 413 597 282. 755  

7 4. 405 025 5. 456 452 325. 775  

8 4. 376 345 5. 496 502 368. 727  

9 4. 349 252 5. 534 280 411. 617  

10 4. 323 532 5. 570 225 454. 442  

11 4. 299 039 5. 604 717 497. 190  

12 4. 275 666 5. 638 097 539. 846  

13 4. 253 341 5. 670 675 582. 385  

14 4. 232 012 5. 702 747 624. 774  

15 4. 211 645 5. 734 596 666. 975  

16 4. 192 216 5. 766 498 708. 943  

17 4. 173 712 5. 798 730 750. 623  

18 4. 156 126 5. 831 570 791. 955  

19 4. 139 455 5. 865 302 832. 872  

20 4. 123 703 5. 900 224 873. 299  

21 4. 108 872 5. 936 648 913. 153  

22 4. 094 968 5. 974 909 952. 346  

23 4. 081 996 6. 015 372 990. 780  

24 4. 069 959 6. 058 439 1 028. 350  

25 4. 058 861 6. 104 561 1 064. 952  

26 4. 048 697 6. 154 252 1 100. 460  

27 4. 039 458 6. 208 112 1 134. 752  
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Table 5.4. RKR Potential of the 43Σg
+ State. 

v Rmin (Å) Rmax (Å) Gv + Y00 (cm-1) 

-0. 500 1 4. 786 005  0 
0 4. 663 113 4. 922 381 23. 397  

1 4. 578 073 5. 034 438 69. 364  

2 4. 521 998 5. 117 130 114. 177  

3 4. 478 086 5. 187 118 158. 242  

4 4. 441 418 5. 249 235 201. 829  

5 4. 409 624 5. 305 817 245. 094  

6 4. 381 277 5. 358 289 288. 111  

7 4. 355 416 5. 407 634 330. 893  

8 4. 331 351 5. 454 572 373. 413  

9 4. 308 582 5. 499 631 415. 625  

10 4. 286 750 5. 543 191 457. 475  

11 4. 265 611 5. 585 505 498. 919  

12 4. 245 012 5. 626 713 539. 925  

13 4. 224 884 5. 666 854 580. 490  

14 4. 205 220 5. 705 882 620. 635  

15 4. 186 067 5. 743 680 660. 410  

16 4. 167 503 5. 780 082 699. 893  

17 4. 149 624 5. 814 900 739. 185  

18 4. 132 515 5. 847 962 778. 401  

19 4. 116 229 5. 879 141 817. 662  

20 4. 100 763 5. 908 401 857. 082  

21 4. 086 036 5. 935 830 896. 751  

22 4. 071 867 5. 961 673 936. 714  

23 4. 057 960 5. 986 365 976. 958  

24 4. 043 879 6. 010 559 1 017. 378  

25 4. 029 025 6. 035 182 1 057. 754  

26 4. 012 580 6. 061 510 1 097. 722  

27 3. 993 417 6. 091 331 1 136. 741  
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Figure 5.5. Potential Energy Curves of the Rb2 33Πg and 43Σg
+ Electronic States. 

The solid and dashed lines illustrate ab initio calculations [77] and the RKR results are 

represented with triangles and open circles for the 33Πg and 43Σg
+ electronic states, 

respectively. 
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5.4 Conclusions 

We have observed a large set of ro-vibrational levels of the 33Πg and 43Σg
+ states 

of the Rb2 dimer using the PFOODR technique. Well defined Condon structures were 

observed in the resolved bound-free fluorescence spectra from the laser excited upper 

levels to the repulsive region of the a3Σu
+ state potential. This allowed us to determine the 

vibrational quantum number assignment of the observed energy levels as well as to 

confirm their triplet electron spin multiplicity character. The experimental observations 

reveal the presence of perturbations in the observed energy range of the 33Πg and 43Σg
+ 

states. In addition, the strong enhancement of the perturbations around 25 300 cm-1 

compelling evidence for the existence of avoided crossings of potential energy curves in 

this range. Despite the irregularities in the observed data due to perturbations, we were 

able to construct potential curves for both states using the Dunham expansion and the 

RKR methods. 

  

 

 

 

 

 

 

 

 



 

106 

 

 

 

 

 

24200 24400 24600 24800 25000 25200 25400 25600
-1.0

-0.5

0.0

0.5

1.0

dT
v,

 J
 , 

(c
m

-1
)

Tv, J , (cm-1)

33Pg

 Figure 5.6. Dunham Expansion Fit Residuals of the Observed 33Πg State Ro-

vibrational Term Values. 
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Figure 5.7. Dunham Expansion Fit Residuals of the Observed 43Σg
+ State Ro-

vibrational Term Values. 

 

 
  



 

108 

Bibliography 

 
[1] P. T. Arndt, V. B. Sovkov, J. Ma, X. Pan, D. S. Beecher, J. Y. Tsai, R. 

Livingston, V. M. Marcune, A. M. Lyyra, and E. H. Ahmed, Phys. Rev. A 105, 
032823 (2022). 

 
[2] K. K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe'er, B. Neyenhuis, J. J. Zirbel, 

S. Kotochigova, P. S. Julienne, D. S. Jin, and J. Ye, Science 322, 231 (2008). 
 
[3] W. Salzmann, U. Poschinger, R. Wester, M. Weidemuller, A. Merli, S. M. Weber, 

F. Sauer, M. Plewicki, F. Weise, A. M. Esparza, L. Woste, and A. Lindinger, 
Phys. Rev. A 73, 023414 (2006). 

 
[4] M. H. G. de Miranda, A. Chotia, B. Neyenhuis, D. Wang, G. Quemener, S. 

Ospelkaus, J. L. Bohn, J. Ye, and D. S. Jin, Nat. Phys. 7, 502 (2011). 
 
[5] T. Volz, N. Syassen, D. M. Bauer, E. Hansis, S. Durr, and G. Rempe, Nat. Phys. 

2, 692 (2006). 
 
[6] J. G. Danzl, E. Haller, M. Gustavsson, M. J. Mark, R. Hart, N. Bouloufa, O. 

Dulieu, H. Ritsch, and H.-C. Naegerl, Science 321, 1062 (2008). 
 
[7] T. M. Rvachov, H. Son, A. T. Sommer, S. Ebadi, J. J. Park, M. W. Zwierlein, W. 

Ketterle, and A. O. Jamison, Phys. Rev. Lett. 119, 143001 (2017). 
 
[8] C. Gross and I. Bloch, Science 357, 995 (2017). 
 
[9] B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. A. Hazzard, A. M. Rey, D. S. 

Jin, and J. Ye, Nature 501, 521 (2013). 
 
[10] P. Kusch and M. M. Hessel, J. Chem. Phys. 67, 586 (1977). 
 
[11] M. E. Koch, W. C. Stwalley, and C. B. Collins, Phys. Rev. Lett. 42, 1052 (1979). 
 
[12] R. A. Bernheim, L. P. Gold, P. B. Kelly, C. Tomczyk, and D. K. Veirs, J. Chem. 

Phys. 74, 3249 (1981). 
 
[13] R. A. Bernheim, L. P. Gold, P. B. Kelly, T. Tipton, and D. K. Veirs, J. Chem. 

Phys. 74, 2749 (1981). 
 
[14] R. A. Bernheim, L. P. Gold, and T. Tipton, J. Chem. Phys. 78, 3635 (1983). 
 
[15] X. B. Xie and R. W. Field, Chem. Phys. 99, 337 (1985). 



 

109 

 
[16] B. Barakat, R. Bacis, F. Carrot, S. Churassy, P. Crozet, F. Martin, and J. Verges, 

Chem. Phys. 102, 215 (1986). 
 
[17] R. A. Bernheim, L. P. Gold, C. A. Tomczyk, and C. R. Vidal, J. Chem. Phys. 87, 

861 (1987). 
 
[18] L. Li, T. An, T. J. Whang, A. M. Lyyra, W. C. Stwalley, R. W. Field, and R. A. 

Bernheim, J. Chem. Phys. 96, 3342 (1992). 
 
[19] A. Yiannopoulou, K. Urbanski, A. M. Lyyra, L. Li, B. Ji, J. T. Bahns, and W. C. 

Stwalley, J. Chem. Phys. 102, 3024 (1995). 
 
[20] K. Urbanski, S. Antonova, A. Yiannopoulou, A. M. Lyyra, and W. C. Stwalley, J. 

Chem. Phys. 104, 2813 (1996). 
 
[21] L. Li and A. M. Lyyra, Spectroc. Acta Pt. A-Molec. Biomolec. Spectr. 55, 2147 

(1999). 
 
[22] S. Antonova, G. Lazarov, K. Urbanski, A. M. Lyyra, L. Li, G. H. Jeung, and W. 

C. Stwalley, J. Chem. Phys. 112, 7080 (2000). 
 
[23] W. Jastrzebski, A. Pashov, and P. Kowalczyk, J. Chem. Phys. 114, 10725 (2001). 
 
[24] P. Yi, M. Song, Y. M. Liu, A. M. Lyyra, and L. Li, Chem. Phys. Lett. 349, 426 

(2001). 
 
[25] P. Kusch and M. M. Hessel, J. Chem. Phys. 68, 2591 (1978). 
 
[26] L. Li and R. W. Field, J. Phys. Chem. 87, 3020 (1983). 
 
[27] O. Babaky and K. Hussein, Can. J. Phys. 67, 912 (1989). 
 
[28] L. Li, Q. S. Zhu, and R. W. Field, Mol. Phys. 66, 685 (1989). 
 
[29] C. C. Tsai, J. T. Bahns, T. J. Whang, H. Wang, W. C. Stwalley, and A. M. Lyyra, 

Phys. Rev. Lett. 71, 1152 (1993). 
 
[30] C. C. Tsai, T. J. Whang, J. T. Bahns, and W. C. Stwalley, J. Chem. Phys. 99, 8480 

(1993). 
 
[31] C. C. Tsai, J. T. Bahns, and W. C. Stwalley, J. Chem. Phys. 100, 768 (1994). 
 



 

110 

[32] C. C. Tsai, J. T. Bahns, H. Wang, T. J. Whang, and W. C. Stwalley, J. Chem. 
Phys. 101, 25 (1994). 

 
[33] T. Laue, P. Pellegrini, O. Dulieu, C. Samuelis, H. Knockel, F. Masnou-Seeuws, 

and E. Tiemann, Eur. Phys. J. D 26, 173 (2003). 
 
[34] Y. M. Liu, L. Li, G. Lazarov, A. Lazoudis, A. M. Lyyra, and R. W. Field, J. 

Chem. Phys. 121, 5821 (2004). 
 
[35] L. Li, A. M. Lyyra, W. T. Luh, and W. C. Stwalley, J. Chem. Phys. 93, 8452 

(1990). 
 
[36] C. Amiot, J. Verges, and C. E. Fellows, J. Chem. Phys. 103, 3350 (1995). 
 
[37] J. T. Kim, H. Wang, C. C. Tsai, J. T. Bahns, W. C. Stwalley, G. Jong, and A. M. 

Lyyra, J. Chem. Phys. 102, 6646 (1995). 
 
[38] M. R. Manaa, A. J. Ross, F. Martin, P. Crozet, A. M. Lyyra, L. Li, C. Amiot, and 

T. Bergeman, J. Chem. Phys. 117, 11208 (2002). 
 
[39] J. Magnes, E. Ahmed, C. Goldberg, A. M. Lyyra, S. Magnier, M. Aubert-Frecon, 

Y. M. Liu, and L. Li, J. Mol. Spectrosc. 221, 72 (2003). 
 
[40] E. Ahmed, A. M. Lyyra, F. Xie, D. Li, Y. Chu, L. Li, V. S. Ivanov, V. B. Sovkov, 

and S. Magnier, J. Mol. Spectrosc. 234, 41 (2005). 
 
[41] Y. Chu, F. Xie, D. Li, L. Li, V. B. Sovkov, V. S. Ivanov, and A. M. Lyyra, J. 

Chem. Phys. 122, 074302 (2005). 
 
[42] F. Xie, D. Li, L. Li, R. W. Field, and S. Magnier, Chem. Phys. Lett. 431, 267 

(2006). 
 
[43] S. Falke, I. Sherstov, E. Tiemann, and C. Lisdat, J. Chem. Phys. 125, 224303 

(2006). 
 
[44] D. Li, F. Xie, L. Li, V. B. Sovkov, V. S. Ivanov, E. Ahmed, A. M. Lyyra, J. 

Huennekens, and S. Magnier, J. Chem. Phys. 126, 194314 (2007). 
 
[45] A. Pashov, P. Popov, H. Knockel, and E. Tiemann, Eur. Phys. J. D 46, 241 

(2008). 
 
[46] C. Amiot and T. S. Carter, J. Chem. Phys. 93, 8591 (1990). 
 
[47] J. D. Miller, R. A. Cline, and D. J. Heinzen, Phys. Rev. Lett. 71, 2204 (1993). 



 

111 

 
[48] C. Amiot and J. Vergès, Chem. Phys. Lett. 274, 91 (1997). 
 
[49] C. Amiot, O. Dulieu, and J. Vergès, Phys. Rev. Lett. 83, 2316 (1999). 
 
[50] J. Y. Seto, R. J. Le Roy, J. Verges, and C. Amiot, J. Chem. Phys. 113, 3067 

(2000). 
 
[51] H. Salami, T. Bergeman, B. Beser, J. Bai, E. H. Ahmed, S. Kotochigova, A. M. 

Lyyra, J. Huennekens, C. Lisdat, A. V. Stolyarov, O. Dulieu, P. Crozet, and A. J. 
Ross, Phys. Rev. A 80, 022515 (2009). 

 
[52] B. Beser, V. B. Sovkov, J. Bai, E. H. Ahmed, C. C. Tsai, F. Xie, L. Li, V. S. 

Ivanov, and A. M. Lyyra, J. Chem. Phys. 131, 094505 (2009). 
 
[53] Y. Guan, X. Han, J. Yang, Z. Zhou, X. Dai, E. H. Ahmed, A. M. Lyyra, S. 

Magnier, V. S. Ivanov, A. S. Skublov, and V. B. Sovkov, J. Chem. Phys. 139, 
144303 (2013). 

 
[54] A. N. Drozdova, A. V. Stolyarov, M. Tamanis, R. Ferber, P. Crozet, and A. J. 

Ross, Phys. Rev. A 88, 022504 (2013). 
 
[55] X. Han, J. Yang, Y. Guan, Z. Zhou, W. Zhao, A. R. Allouche, S. Magnier, E. H. 

Ahmed, A. M. Lyyra, and X. Dai, Chem. Phys. Lett. 601, 124 (2014). 
 
[56] I. Havalyova, A. Pashov, P. Kowalczyk, J. Szczepkowski, and W. Jastrzebski, J. 

Quant. Spectrosc. Radiat. Transf. 202, 328 (2017). 
 
[57] A. Pashov, P. Kowalczyk, A. Grochola, J. Szczepkowski, and W. Jastrzebski, J. 

Quant. Spectrosc. Radiat. Transf. 221, 225 (2018). 
 
[58] A. Pashov, P. Kowalczyk, and W. Jastrzebski, Phys. Rev. A 100, 012507 (2019). 
 
[59] C. Amiot and O. Dulieu, J. Chem. Phys. 117, 5155 (2002). 
 
[60] F. Xie, V. B. Sovkov, A. M. Lyyra, D. Li, S. Ingram, J. Bai, V. S. Ivanov, S. 

Magnier, and L. Li, J. Chem. Phys. 130, 051102 (2009). 
 
[61] J. A. Coxon and P. G. Hajigeorgiou, J. Chem. Phys. 132, 094105 (2010). 
 
[62] F. Xie, L. Li, D. Li, V. B. Sovkov, K. V. Minaev, V. S. Ivanov, A. M. Lyyra, and 

S. Magnier, J. Chem. Phys. 135, 024303 (2011). 
 



 

112 

[63] S. Sainis, J. Sage, E. Tiesinga, S. Kotochigova, T. Bergeman, and D. DeMille, 
Phys. Rev. A 86, 022513 (2012). 

 
[64] V. B. Sovkov, F. Xie, A. M. Lyyra, E. H. Ahmed, J. Ma, and S. Jia, J. Chem. 

Phys. 147, 104301 (2017). 
 
[65] J. Bai, E. H. Ahmed, B. Beser, Y. Guan, S. Kotochigova, A. M. Lyyra, S. 

Ashman, C. M. Wolfe, J. Huennekens, F. Xie, D. Li, L. Li, M. Tamanis, R. 
Ferber, A. Drozdova, E. Pazyuk, A. V. Stolyarov, J. G. Danzl, H. C. Nägerl, N. 
Bouloufa, O. Dulieu, C. Amiot, H. Salami, and T. Bergeman, Phys. Rev. A 83, 
032514 (2011). 

 
[66] A. Znotins, A. Kruzins, M. Tamanis, R. Ferber, E. A. Pazyuk, A. V. Stolyarov, 

and A. Zaitsevskii, Phys. Rev. A 100, 042507 (2019). 
 
[67] H. Partridge, D. A. Dixon, S. P. Walch, C. W. Bauschlicher, and J. L. Gole, J. 

Chem. Phys. 79, 1859 (1983). 
 
[68] B. Bussery and M. Aubert-Frecon, J. Chem. Phys. 82, 3224 (1985). 
 
[69] F. Spiegelmann, D. Pavolini, and J. P. Daudey, J. Phys. B: At., Mol. Opt. Phys. 

22, 2465 (1989). 
 
[70] M. Krauss and W. J. Stevens, J. Chem. Phys. 93, 4236 (1990). 
 
[71] M. Foucrault, P. Millie, and J. P. Daudey, J. Chem. Phys. 96, 1257 (1992). 
 
[72] S. Kotochigova, E. Tiesinga, and P. S. Julienne, Phys. Rev. A 63, 012517 (2001). 
 
[73] S. J. Park, S. W. Suh, Y. S. Lee, and G. H. Jeung, J. Mol. Spectrosc. 207, 129 

(2001). 
 
[74] A. A. Khuskivadze, M. I. Chibisov, and Fabrikant, II, Phys. Rev. A 66, 042709 

(2002). 
 
[75] D. Edvardsson, S. Lunell, and C. M. Marian, Mol. Phys. 101, 2381 (2003). 
 
[76] M. Tomza, W. Skomorowski, M. Musiał, R. González-Férez, C. P. Koch, and R. 

Moszynski, Mol. Phys. 111, 1781 (2013). 
 
[77] W. Jastrzebski, P. Kowalczyk, J. Szczepkowski, A. R. Allouche, P. Crozet, and A. 

J. Ross, J. Chem. Phys. 143, 044308 (2015). 
 



 

113 

[78] P. T. Arndt, V. B. Sovkov, J. Ma, X. H. Pan, D. S. Beecher, J. Y. Tsai, Y. F. 
Guan, A. M. Lyyra, and E. H. Ahmed, J. Chem. Phys. 149, 224303 (2018). 

 
[79] P. T. Arndt, V. B. Sovkov, J. Ma, X. H. Pan, D. S. Beecher, J. Y. Tsai, Y. F. 

Guan, A. M. Lyyra, and E. H. Ahmed, Phys. Rev. A 99, 052511 (2019). 
 
[80] J. E. Sansonetti, J. Phys. Chem. Ref. Data 35, 301 (2006). 
 
[81] X. B. Xie and R. W. Field, J. Mol. Spectrosc. 117, 228 (1986). 
 
[82] B. A. Palmer, R. A. Keller, and R. Engleman, An Atlas of Uranium Emission 

Intensities in a Hollow Cathode Discharge (Los Alamos Scientific Laboratory, 
New Mexico, 1980). 

 
[83] R. A. Keller, R. Engleman, and B. A. Palmer, Appl. Opt. 19, 836 (1980). 
 
[84] P. F. Bernath, Spectra of Atoms and Molecules (Oxford University Press, New 

York; Oxford, 2005). 
 
[85] S. Gerstenkorn and P. Luc, Atlas of the Absorption Spectra of Molecular Iodine 

for 14,800 cm-1 to 20,000 cm-1 (CNRS, Paris, 1978). 
 
[86] S. Gerstenkorn and P. Luc, Rev. Phys. Appl. 14, 791 (1979). 
 
[87] E. J. Breford and F. Engelke, Chem. Phys. Lett. 53, 282 (1978). 
 
[88] E. U. Condon, Phys. Rev. 32, 0858 (1928). 
 
[89] G. Herzberg, Molecular Spectra And Molecular Structure: Volume 1 - Spectra Of 

Diatomic Molecules (Krieger Publishing Company, Malabar, Florida, 1989). 
 
[90] J. X. Yang, W. Zhao, X. H. Pan, H. M. Wei, J. Ma, E. H. Ahmed, A. M. Lyyra, 

and X. C. Dai, J. Mol. Spectrosc. 336, 36 (2017). 
 
[91] L. Li, Q. S. Zhu, A. M. Lyyra, T. J. Whang, W. C. Stwalley, R. W. Field, and M. 

H. Alexander, J. Chem. Phys. 97, 8835 (1992). 
 
[92] Y. Gao, P. S. Gorgone, S. Davis, E. K. McCall, and B. Stewart, J. Chem. Phys. 

104, 1415 (1996). 
 
[93] L. Li, S. Antonova, A. Yiannopoulou, K. Urbanski, and A. M. Lyyra, J. Chem. 

Phys. 105, 9859 (1996). 
 
[94] C. Ottinger, R. Velasco, and R. N. Zare, J. Chem. Phys. 52, 1636 (1970). 



 

114 

 
[95] J. L. Dunham, Phys. Rev. 41, 721 (1932). 
 
[96] R. Rydberg, Z. Phys. 73, 376 (1932). 
 
[97] R. Rydberg, Z. Phys. 80, 514 (1933). 
 
[98] O. Klein, Z. Phys. 76, 226 (1932). 
 
[99] A. L. G. Rees, Proc. Phys. Soc. Lond. 59, 998 (1947). 
 
[100] J. Tellinghuisen, J. Mol. Spectrosc. 330, 20 (2016). 
 
[101] E. W. Kaiser, J. Chem. Phys. 53, 1686 (1970). 
 
[102] J. R. d. Laeter, J. K. Böhlke, P. D. Bièvre, H. Hidaka, H. S. Peiser, K. J. R. 

Rosman, and P. D. P. Taylor, Pure Appl. Chem. 75, 683 (2003). 
 
[103] P. Qi, J. Bai, E. Ahmed, A. M. Lyyra, S. Kotochigova, A. J. Ross, C. Effantin, P. 

Zalicki, J. Vigue, G. Chawla, R. W. Field, T. J. Whang, W. C. Stwalley, H. 
Knockel, E. Tiemann, J. Shang, L. Li, and T. Bergeman, J. Chem. Phys. 127, 
044301 (2007). 

 
[104] J. Zaharova, M. Tamanis, R. Ferber, A. N. Drozdova, E. A. Pazyuk, and A. V. 

Stolyarov, Phys. Rev. A 79, 012508 (2009). 
 

 
 



 

115 

CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

6.1 Summary  

As indicated in Chapter 1, the rubidium dimer has been of interest in quantum 

optics experiments [1-5] and ab initio studies [6-8]. The lowest energy electronic states 

are bound by relatively simple potential energy curves owing to a lack of perturbations in 

this energy region, but the strong coupling of the electronic angular momentum and spin 

of rubidium results in quantum state character changes, when ro-vibrational levels from 

Rb2 electronic states with different electron spin multiplicities couple by spin-orbit 

perturbations resulting in mixing of singlet and triplet states when ro-vibrational levels 

from these states are nearly degenerate. This causes strong perturbations of the ro-

vibrational levels of the electronic states from the 5p + 5s atomic limit. The relatively 

large mass of rubidium atom leads to small ro-vibrational energy level spacings with 

many perturbed energy levels. This is in contrast with the light lithium dimer molecule 

with larger spacings between ro-vibrational levels and smaller spin-orbit interaction 

resulting in very few perturbations between singlet and triplet electronic states [9, 10]. 

The effect is enhanced in rubidium partially due to the expectation value of the spin-orbit 

coupling strength being proportional to the atomic number cubed [11].  

The ro-vibrational term energies of two singlet electronic states of the rubidium 

dimer [12, 13] were determined and analyzed via cascade pump-probe optical-optical 

double resonance experiments in the energy region 24 000 - 26 000 cm-1 above the 
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singlet ground state minimum.. The rotational energy data collected was enhanced due to 

collisions of the rubidium dimer with argon buffer gas and the spin multiplicity character 

of the electronic state was verified by observing the resolved bound-free emission to the 

triplet ground state. The vibrational numbering was confirmed by comparison of the 

observed data with ab initio calculation to confirm the lowest observed vibrational level  

v = 0 since no lower lying vibrational levels were observed. The term energies were fit to 

the Dunham expansion and used to generate potential energy curves using the RKR 

method.  

Two electronic states of rubidium dimer with triplet multiplicity [14] were also 

identified in this energy region. The spin multiplicity character was verified by measuring 

resolved bound-free emission with a grating monochromator. The vibrational numbering 

of the observed ro-vibrational levels were confirmed by the node count in the bound free 

spectrum and finding the lowest vibrational level by this method. 

6.2 Future Directions  

The experiments in this work have contributed to knowledge of the potential 

energy curves in the bound region with internuclear separations in the near harmonic 

region. The potential energy curves are still only known by ab initio methods in the long-

range region as well as the short-range region. The experimental data collected from 

these rovibronic levels cuts off at some energy, which indicates that the structure of the 

potential energy curves changes abruptly. The reduction of transition strength is due to 

the wavefunction overlap being reduced as the potential energy curves are broadened and 

change shape due to various coupling between electronic states. The laser-induced 
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fluorescence from double resonance experiments have been used previously in the non-

harmonic region of the potential energy curve by detecting fluorescence from atomic 

transitions due to predissociation [15]. Ion detection may also allow for detection of 

transitions to these ro-vibrational levels with very weak Franck-Condon factors as even 

single charges are easy to detect compared to photons. Ion detection has been used in 

determining the structure of the potential energy curves closer to the dissociation limit at 

internuclear distance dominated by long-range interactions starting from bound ro-

vibrational levels of the ground state [16-20]. Secondary wells are often isolated from the 

inner wells owing to potential energy barriers reducing the tunneling probability. 

Experiments utilizing multiple resonance excitations or photoassociation may access 

these secondary wells. Multiple resonance techniques [21, 22] are used to drive the 

population from the ro-vibrational levels of the ground electronic state to the secondary 

wells to study their energy level structure and measure the transition dipole matrix 

elements that probe the coupling between covalent and ionic bonding [23, 24]. 

Photoassociation drives population of unbound atoms directly to the excited state where 

another laser can probe population or laser induced fluorescence or ions can be detected 

[25]. 

The potential energy curves generated in this work assume no interactions 

between electronic states. This assumption is not justified for the higher lying electronic 

states of the rubidium dimer where the high density of ro-vibrational levels of different 

electronic states are close in energy. In addition, the ion-pair Rb+ + Rb- Coulomb 

interaction mixes ionic bonding to the 1Σg
+ electronic states [16-18, 26, 27]. Methods such 
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as the Inverted Perturbation Approach (IPA) [28-33] or coupled-channel deperturbation 

[34-39] may be used to characterize the singlet and triplet character of ro-vibrational 

levels. The excited electronic states studied here have relatively low spin-orbit coupling 

compared to the A1Σu
+ ~ b3Πu electronic states although other perturbations are present 

[11]. For example, the RKR potential energy curves we have generated represent the 

potential energy functions of a Hamiltonian that does not include interactions that cause 

mixing of electronic states. The energy functions of a Hamiltonian that does not include 

interactions that cause mixing of electronic states. The differences between the predicted 

term energies of the RKR potential energy curve and the observed term energies 

represent the effect of a perturbing Hamiltonian. The strength of the perturbation and the 

electronic character of the ro-vibrational levels can be determined with knowledge of the 

term energies and the unperturbed potential energy curve. 

Performing these calculations requires large data sets of ro-vibrational term 

energies from each of the electronic states that couple. The observation of the perturbed 

energy levels from each electronic state provides direct evidence of the strength of the 

perturbations between the electronic states. This is where our data is currently lacking. 

The large perturbations of the singlet states in the 25 300 cm-1 energy range do not 

necessarily have corresponding measured perturbed levels from other electronic states. 

Finding these ro-vibrational levels will provide insight into the coupling and 

identification of these electronic states.  
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